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ABSTRACT OF THE DISSERTATION
Regulation of Genome Architecture by Chromatin Remodeling in the Brain by
Jared Vega Goodman
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Genetics and Genomics
Washington University in St. Louis, 2019
Professor Azad Bonni, Chair
Assistant Professor Harrison Gabel, Co-Chair
Brain development requires exquisite control of gene expression to establish and refine
the proper circuitry of the nervous system. Gene expression control is under the purview of
several cellular processes, including chromatin regulation in the form of DNA modification,
histone modification, and nucleosome remodeling. Chromatin remodeling enzymes are the major
effectors of nucleosome remodeling. These enzymes are clearly involved in brain development –
mutations in chromatin remodeling enzymes are likely causative for neurodevelopmental
disorders of cognition. Chromatin remodeling enzymes have discrete molecular functions and
binding profiles and similarly control distinct phases of nervous system maturation. Chd4 is a
Chd family chromatin remodeling enzyme that is mutated in Sifrim-Hitz-Weiss intellectual
disability syndrome and is critical for neuronal differentiation. Chd4 binds to active regulatory
elements, including promoters and enhancers, to putatively restrict genomic accessibility and
repress gene expression. Work on Chd4 in the brain has revealed pathways of gene regulation
that impact gene promoters, but the function of Chd4 at enhancers, and their effects on promoters
through three-dimensional genomic interactions, in the developing brain remains poorly
understood.

ix

We reveal a role for Chd4 in the regulation of genome architecture in the developing
brain. Through profiling of genomic accessibility, the active histone mark H3K27ac, and the
architectural protein Cohesin in the conditional Chd4 knockout cerebellum, we identify a role for
Chd4 in restricting accessibility at both active promoters and enhancers. In contrast to Chd4’s
widespread role in controlling accessibility at active regulatory sites, Chd4 depletion
predominately affects the activity and Cohesin binding status of enhancers. Unbiased profiling of
genome architecture further identified a role for Chd4 in the interactions between loci in contact
domains. Among these altered interactions are genomic loops at contact domain boundaries and
genomic loops within contact domains. Intra-domain promoter-enhancer loops are particularly
changed, which correspond to altered expression of the genes underlying these loops. Moreover,
contact domains under Chd4’s control are under striking developmental control. Our data
suggest that chromatin remodeling enzymes may be critical regulators of genome architecture in
the developing brain.

x

Chapter 1
Chromatin remodeling in brain development
and genome architecture
Portions of this chapter are adapted from a review published by Elsevier.
Goodman, J.V. & Bonni, A. Regulation of neuronal connectivity in the mammalian brain by
chromatin remodeling. Curr Opin in Neurobiol. 2019. 10.1016/j.conb.2019.04.010
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1.1 Chromatin remodelers in neuronal connectivity
1.1.1 Summary
Precise temporal and spatial control of gene expression is essential for brain
development. Besides DNA sequence-specific transcription factors, epigenetic factors play an
integral role in the control of gene expression in neurons. Among epigenetic mechanisms,
chromatin remodeling enzymes have emerged as essential to the control of neural circuit
assembly and function in the brain. Here, we review recent studies on the roles and mechanisms
of the chromodomain-helicase-DNA-binding (Chd) family of chromatin remodeling enzymes in
the regulation of neuronal morphogenesis and connectivity in the mammalian brain. We explore
the field through the lens of Chd3, Chd4, and Chd5 proteins, which incorporate into the
nucleosome remodeling and deacetylase (NuRD) complex, and the related proteins Chd7 and
Chd8, implicated in the pathogenesis of intellectual disability and autism spectrum disorders.
These studies have advanced our understanding of the mechanisms that regulate neuronal
connectivity in brain development and neurodevelopmental disorders of cognition.
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1.1.2 An introduction to chromatin remodeling
Control of gene transcription is dependent on the chromatin state of the cell. As prime
effectors of chromatin state changes, epigenetic factors are ideally suited to drive long-lasting
changes in genetic programs and regulate large-scale transcriptional alterations in neurons upon
exposure to extrinsic cues (Gallegos et al., 2018).
The enzymatic activities of epigenetic regulators include post-translational modification
of histones, DNA methylation, and nucleosome remodeling. Nucleosome remodeling
encompasses ATP-dependent changes in nucleosome spacing, density, or subunit composition
(Clapier et al., 2017). Nucleosomes represent the basic building blocks of chromatin, each
comprising an octamer of the histone proteins H2A, H2B, H3, and H4 wrapped by ~147 base
pairs of DNA (Zhou et al., 2019). The canonical histone subunits of nucleosomes may be
exchanged for histone variants such as H2A.x, H2A.z, and H3.3 (Soshnev et al., 2016). Altering
the positioning or structure of nucleosomes may modulate the accessibility of transcription
factors to genomic DNA sequences or recruit additional epigenetic regulators (Lai and Pugh,
2017; Voss and Hager, 2014).
Numerous chromatin remodelers are encoded in the mammalian genome, including
members of the Swi/Snf, Chd, Iswi, and Ino80 families of ATP-dependent helicases (Clapier et
al., 2017). Five of nine members of the Chd family proteins—Chd1, Chd2, Chd4, Chd7, and
Chd8—have been implicated in neurodevelopmental disorders of cognition including intellectual
disability and autism spectrum disorders (Carvill et al., 2013; Devlin et al., 2012; Kim et al.,
2018; McRae et al., 2017; O’Roak et al., 2012a, 2012b, 2014; Pilarowski et al., 2018; Sifrim et
al., 2016; Talkowski et al., 2012; Vissers et al., 2004; Weiss et al., 2016), attesting to their
critical role in brain development. Here, we review recent advances toward understanding the
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functions and mechanisms of remodeling enzymes in neuronal connectivity from the perspective
of the nucleosome remodeling and deacetylase (NuRD) complex-associated Chd proteins Chd3,
Chd4, and Chd5 and the related proteins Chd7 and Chd8. Studies of the Brg/Brm-associated
factors (BAF) and other chromatin remodeling complexes have also advanced our understanding
of the regulation of neuronal development and plasticity, a topic that has been reviewed
elsewhere (Sokpor et al., 2017; Son and Crabtree, 2014).

1.1.3 Roles of NuRD-associated Chd proteins in neuronal connectivity
One of three closely related Chd proteins—Chd3, Chd4, and Chd5—forms the core
ATPase subunit of the NuRD complex. Distinguishing the NuRD complex from other chromatin
remodeling complexes is the presence of a second enzymatic activity of a class I histone
deacetylase—Hdac1 or Hdac2. The scaffold proteins Mbd2/3, Rbap46/48, Mta1/2/3, and
Gatad2a/b additionally form in the NuRD complex (Brackertz et al., 2002; Feng et al., 2002;
Hendrich and Bird, 1998; Tong et al., 1998; Xue et al., 1998; Zhang et al., 1998). Among these
proteins, Mbd3 may be required for assembly of the NuRD complex in cells (Kaji et al., 2006),
though this function has not been validated in neurons. NuRD complex proteins bind genomic
regulatory sites directly via intrinsic DNA-binding capacity and interaction with posttranslationally modified histone proteins as well as indirectly upon recruitment by transcription
factors (Allen et al., 2013). The NuRD complex has been implicated in transcriptional repression
(Allen et al., 2013), but the complete suite of NuRD-dependent epigenomic functions remains to
be elucidated.
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Distinct functions of NuRD-associated Chd proteins in cortical neurogenesis
Chd3, Chd4, and Chd5 have unique expression patterns in the developing mouse brain. In
the rodent cerebral cortex, Chd4 is robustly expressed in both neural precursors and mature
neurons (Nitarska et al., 2016). Conditional knockout of Chd4 in neural precursors in the mouse
cerebral cortex leads to early cell-cycle exit and depletion of these cells, thereby causing
microcephaly (Nitarska et al., 2016). In contrast to Chd4, Chd3 and Chd5 are expressed
predominantly in postmitotic neurons in the cortical plate, in particular in deep layers of the
cerebral cortex (Egan et al., 2013; Nitarska et al., 2016). Knockdown of Chd3 and Chd5 by
RNAi triggers distinct phenotypes in the cerebral cortex. Depletion of Chd5 results in buildup of
multipolar neurons in the subventricular and intermediate zones (Egan et al., 2013; Nitarska et
al., 2016), whereas depletion of Chd3 leads to accumulation of neurons in the deep cortical
layers (Nitarska et al., 2016). These results suggest that Chd3, Chd4, and Chd5 may regulate
distinct phases of cortical neurogenesis (Figure 1.1A).

Chd4 drives efferent and afferent neuronal connectivity via distinct epigenetic mechanisms
Insights into the functions and mechanisms of Chd4 and the NuRD complex in neuronal
connectivity have come largely from studies of granule neurons in the rodent cerebellum.
Granule neuron precursors proliferate and differentiate into postmitotic neurons in the external
granule layer (EGL) (de la Torre-Ubieta and Bonni, 2011). Subsequently, granule neurons
migrate inward, through the molecular layer and past Purkinje cells, into the internal granule
layer (IGL), where they mature (de la Torre-Ubieta and Bonni, 2011) (Figure 1.1B). A whole
host of transcriptional regulators have been demonstrated to regulate distinct stages of granule
neuron development (Chen et al., 2019; Gaudillière et al., 2004; Huynh et al., 2011; Ikeuchi et
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al., 2009; de la Torre-Ubieta and Bonni, 2011; de la Torre-Ubieta et al., 2010; Lasorella et al.,
2006; Puram and Bonni, 2013; Ramos et al., 2007; Shalizi et al., 2006; Stegmüller et al., 2006;
Yamada et al., 2013), attesting to the crucial role of cell-intrinsic transcriptional control of
neuronal morphogenesis and connectivity. These studies also raise the fundamental question of
whether regulation of transcription by global epigenetic factors might coordinate neuronal
connectivity.
The Chd4/NuRD complex assembles in the cerebellum at a time when granule neurons
undergo synapse formation (Yamada et al., 2014). Accordingly, conditional knockout and
knockdown studies have uncovered a critical function for Chd4 and other components of the
NuRD complex in granule neuron parallel fiber presynaptic differentiation in the cerebellar
cortex in vivo (Yamada et al., 2014). Electron microscopic analyses of mice in which the Chd4
gene is selectively disrupted in granule neurons reveal reduced number of parallel fiber/Purkinje
cell synapses (Yamada et al., 2014). These developmental deficits are associated with profound
impairments of neurotransmission at this synapse (Yamada et al., 2014). Thus, Chd4 and the
NuRD complex drive the formation of functional granule neuron synapses onto Purkinje neurons
(Figures 1.1, 1.2).
A mechanism by which Chd4 drives presynaptic differentiation has been elucidated.
Genome-wide studies of the cerebellum in conditional Chd4 knockout and control mice shows
that Chd4 represses a program of ~200 developmentally regulated genes (Yamada et al., 2014).
The histone tail modifications H3K27ac, H3K9/14ac, and H3K4me3, associated with
transcriptional activation, are specifically upregulated at promoters of the ~200 genes in the
cerebellum upon conditional Chd4 knockout (Yamada et al., 2014). A targeted in vivo RNAi
screen of Chd4-target genes suggests that downregulation of specific genes mediates Chd4-
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induced presynaptic differentiation in the cerebellar cortex (Yamada et al., 2014). These findings
show that Chd4 and the NuRD complex trigger silencing of developmentally regulated genes via
promoter decommissioning and thereby drive synapse differentiation (Figure 1.2).
Although Chd4 decommissions the promoters of ~200 genes in granule neurons, Chd4
occupies thousands of actively transcribed gene promoters in granule neurons in the cerebellum
(Yang et al., 2016), raising the questions of how and whether Chd4 might regulate the much
larger set of actively transcribed genes. Besides alterations of histone tail modifications,
exchange of H2A with the histone variant H2A.z at gene promoters regulates transcription
(Buschbeck and Hake, 2017). Strikingly, conditional knockout of Chd4 in the mouse cerebellum
reduces H2A.z enrichment at promoters of actively transcribed genes independently of changes
in histone tail marks (Yang et al., 2016), suggesting that Chd4 drives deposition of H2A.z at
promoters of actively transcribed genes in the brain (Figure 1.2).
In gene ontology analyses, genes regulated by the Chd4/H2A.z epigenetic pathway
encode proteins engaged in intracellular signaling and phosphorylation cascades (Yang et al.,
2016), providing a clue that this pathway might be dynamically regulated. Consistent with this
prediction, transcriptomic and epigenomic analyses in primary granule neurons and in the mouse
cerebellum in vivo have revealed that Chd4 loads H2A.z at the promoters of neuronal activitydependent immediate early genes (IEGs) specifically during the shutoff, but not activation, phase
of transcription and thereby shuts off their transcription (Yang et al., 2016). These results define
the Chd4/H2A.z link as a novel epigenetic mechanism that actively shuts off IEG transcription,
with potential implications for understanding the control of gene expression in response to
extrinsic cues beyond neuronal activity and the nervous system.
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The Chd4/H2A.z epigenetic pathway and consequent shutoff of activity-dependent genes
bears important consequences for neuronal morphogenesis and connectivity. Analyses of
neuronal morphology in conditional Chd4 knockout mice and upon expression of a panel of
Chd4-regulated activity genes show that Chd4-dependent shutoff of activity genes triggers the
pruning of granule neuron dendrites during brain development (Yang et al., 2016). Remarkably,
two-photon microscopy analyses of awake-behaving mice uncover a crucial role for Chd4 in the
control of sparse encoding of granule neurons to sensorimotor stimuli (Yang et al., 2016).
Collectively, studies of Chd4 in the developing cerebellum have revealed that whereas
Chd4 drives efferent connectivity via promoter decommissioning of developmental genes, a
Chd4/H2A.z epigenetic pathway shuts off activity-dependent transcription and thereby drives
afferent connectivity (Figure 1.2). The requirement for Chd4 in the establishment of neuronal
connectivity during development has lasting effects on cerebellar functions, as conditional Chd4
knockout mice have profound impairments in associative motor learning in adulthood (Yang et
al., 2016).

Chd4 mutations in intellectual disability
Consistent with the growing evidence that Chd4 plays a critical role in the regulation of
neuronal connectivity during development, recent studies have identified numerous de novo
variants in Chd4 among patients with intellectual disability (McRae et al., 2017; Sifrim et al.,
2016; Weiss et al., 2016). Chd4 variants cause missense mutations (McRae et al., 2017; Sifrim et
al., 2016; Weiss et al., 2016), suggesting that, besides reduced activity, modulation of the
biochemical functions of Chd4 might lead to neuropathology. Supporting this possibility,
different endometrial cancer-associated Chd4 missense mutations impair or stimulate the
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nucleosome remodeling activity of Chd4 in vitro (Kovač et al., 2018). Missense mutations in
Chd4 might also influence proteins that recruit Chd4 to genomic loci. Mutations of three such
proteins, Gatad2b, Mbd3, and ADNP, are also associated with neurodevelopmental disorders
(Cukier et al., 2010; Helsmoortel et al., 2014; de Ligt et al., 2012; Willemsen et al., 2013).
Intriguingly, unlike Gatad2b and Mbd3, ADNP recruits Chd4 to genomic loci in a NuRDindependent manner (Ostapcuk et al., 2018). Deregulation of Chd4 activity may thus contribute
to the pathogenesis of neurodevelopmental disorders of cognition via alterations in NuRDdependent and -independent actions.

1.1.4 Biological functions of Chd7 and Chd8 in neuronal connectivity
In addition to Chd4, several other Chd family proteins are associated with
neurodevelopmental disorders. Among these proteins, Chd7 and Chd8 functions have been the
subject of scrutiny in recent years.

Chd7 organizes neuronal differentiation
Mutations in Chd7 cause CHARGE syndrome, a clinically heterogeneous multi-system
disorder, which features coloboma of the eye, heart defects, atresia of the choanae, retardation of
growth or development, genital or urinary defects, and ear anomalies or deafness (Vissers et al.,
2004). Blindness, deafness, cranial nerve abnormalities, and developmental delay are highly
penetrant (Bergman et al., 2011). A large proportion of CHARGE patients display intellectual
disability (Bergman et al., 2011).
Cellular studies show that Chd7 contributes to terminal differentiation in neurogenic
niches in the brain. Conditional deletion of Chd7 in cerebellar granule neuron precursors leads to
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cerebellar hypoplasia secondary to failure of cell cycle exit and higher death rates in these cells
(Feng et al., 2017) (Figure 1.1B). Loss of Chd7 in the developing otocyst causes cochlear
hypoplasia and failure to form the semicircular canals and cristae (Hurd et al., 2010). Conditional
loss of Chd7 in adult neurogenic niches of the lateral ventricle subventricular zone and
hippocampal subgranular zone impairs neurogenesis (Feng et al., 2013). Thus, Chd7 plays a
conserved role in organizing terminal differentiation of neurons.
Chd7 may promote neuronal differentiation by activating transcription. Chd7 appears to
predominantly occupy distal regulatory elements in several cell types including mESCs and
granule neuron precursors (Feng et al., 2017; Schnetz et al., 2009). Members of the polybromoassociated BAF (PBAF) chromatin remodeling complex interact with Chd7 in human ESCderived neural crest cells, perhaps at distal regulatory elements, and hence synergistically
promote neural crest cell migration in Xenopus embryos (Bajpai et al., 2010).
Chd7 also interacts with the DNA gyrase topoisomerase IIb (TopIIb) in cell lines and in
the adult cerebellum (Feng et al., 2017). Topoisomerase function has emerged as critical for
transcription of long genes in neurons (King et al., 2013). Pharmacological inhibition of TopII
enzymatic activity partially phenocopies the effect of conditional knockout of Chd7 on gene
expression in primary granule neuron precursors (Feng et al., 2017). In addition, conditional
knockout of Chd7 alters the genome-wide occupancy of TopIIb in primary granule neuron
precursors (Feng et al., 2017). These data suggest that Chd7 and TopIIb might cooperate to
activate long gene expression in the nervous system (Figure 1.2).
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Chd8 regulates brain size and behavior
Recent advances in sequencing approaches have also identified numerous de novo
variants in Chd8 in individuals with sporadic autism spectrum disorders (Devlin et al., 2012;
O’Roak et al., 2012a, 2012b, 2014; Talkowski et al., 2012). Depletion of Chd8 in mice results in
phenotypes relevant to the clinicopathological features of patients with heterozygous Chd8 null
mutations (Durak et al., 2016; Gompers et al., 2017; Jung et al., 2018; Katayama et al., 2016;
Platt et al., 2017; Suetterlin et al., 2018; Zhao et al., 2018). Mice carrying a heterozygous null
allele of the Chd8 gene display macrocephaly or megalencephaly (Gompers et al., 2017;
Katayama et al., 2016; Platt et al., 2017; Suetterlin et al., 2018). High-resolution MRI scans of
megalencephalic mice have demonstrated associated increases in the size of brain structures
including the cerebral cortex, amygdala, and hippocampus, but some structures such as the deep
cerebellar nuclei are decreased in size (Gompers et al., 2017).
Heterozygous Chd8 mice display abnormal behaviors including in domains of sociability
and anxiety. The exact behavioral phenotypes exhibited by these mice vary depending on the
study (Gompers et al., 2017; Jung et al., 2018; Katayama et al., 2016; Platt et al., 2017; Suetterlin
et al., 2018). Layered on this phenotypic complexity is the sexual dimorphism observed among
certain Chd8 mutant mice. In particular, male but not female Chd8+/N2373K mice display abnormal
behavior throughout development including anxiety-like maternal-seeking behaviors (Jung et al.,
2018). Sexually dimorphic changes in synaptic inputs in the hippocampus have been also
observed in these mice, which are associated with sex-specific changes in gene expression (Jung
et al., 2018).
In spite of behavioral heterogeneity in Chd8 mutant mice, common themes on Chd8
function have emerged in studies of these mice. Chd8 binds promoters of active genes and some
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enhancer regions in diverse cell types including mESCs, human induced pluripotent stem cell
(iPSC)-derived neural precursor cells, and the brain (de Dieuleveult et al., 2016; Katayama et al.,
2016; Sugathan et al., 2014). Knockdown or heterozygous knockout of Chd8 deregulates
expression of genes encoding chromatin modifiers and RNA processing proteins (Cotney et al.,
2015; Durak et al., 2016; Gompers et al., 2017; Jung et al., 2018; Katayama et al., 2016; Platt et
al., 2017; Suetterlin et al., 2018; Sugathan et al., 2014; Wang et al., 2017), suggesting that Chd8
may operate at the apex of a regulatory gene network in the mouse brain. Deregulated genes
upon Chd8 loss also are associated with risk of autism (Cotney et al., 2015; Durak et al., 2016;
Gompers et al., 2017; Jung et al., 2018; Katayama et al., 2016; Platt et al., 2017; Suetterlin et al.,
2018; Sugathan et al., 2014; Wang et al., 2017). Thus, loss of Chd8 activity might contribute to
the pathogenesis of autism spectrum disorders via alterations of autism-associated gene
networks.

Chd7 and Chd8 orchestrate distinct phases of oligodendrocyte differentiation
Besides the differentiation of neurons, recent studies have unveiled functions for Chd7
and Chd8 in the control of oligodendrocyte differentiation (Figure 1.3). Notably, MRI of the
brain in CHARGE syndrome patients and autism patients carrying a null Chd8 allele reveals
reduction in white matter volume (He et al., 2016; Zhao et al., 2018). Consistent with these
findings, conditional loss of Chd7 or Chd8 in oligodendrocyte precursors in mice impairs
myelination in the brain (He et al., 2016; Zhao et al., 2018).
Conditional knockout of Chd8 impairs proliferation of oligodendrocyte precursors in the
spinal cord (Zhao et al., 2018). Genomic studies show widespread loss of chromatin accessibility
and decreased enrichment of H3K4me3 at gene promoters in oligodendrocyte precursors upon

12

Chd8 knockout (Zhao et al., 2018). Chd8 interacts with mixed-lineage leukemia (MLL) histone
methyltransferase complex proteins Ash2l and Wdr5 in cells, which stimulate H3K4 methylation
(Zhao et al., 2018). Accordingly, pharmacological inhibition of H3K4 demethylation increases
the number of mature oligodendrocytes in conditional Chd8 knockout mice (Zhao et al., 2018).
These results suggest that Chd8 might couple increased accessibility to histone tail methylation
to promote proliferation of oligodendrocyte precursors (Figure 1.3).
Conditional knockout of Chd7 in oligodendrocyte precursors impairs the survival of these
cells and maturation of oligodendrocytes (He et al., 2016; Marie et al., 2018). Chd7 interacts
with the transcription factor Sox10, which shares genomic sites with Chd7 in differentiating
oligodendrocytes (He et al., 2016). Accordingly, knockdown of Sox10 or Chd7 reduces
expression of several lineage-defining transcripts in differentiating oligodendrocytes (He et al.,
2016). Collectively, these results suggest Chd7 collaborates with Sox10 to drive oligodendrocyte
differentiation (Figure 1.3).

1.1.5 Perspectives on Chd-related chromatin remodelers in neuronal connectivity
Chromatin remodeling by the Chd family of proteins has emerged in recent years as a
major epigenetic mechanism that regulates brain development. Studies of the NuRD-associated
Chd proteins Chd3, Chd4, and Chd5, and the related Chd proteins Chd7 and Chd8 have provided
novel insights into the functions and mechanisms of chromatin remodeling enzymes in brain
development and neurodevelopmental disorders of cognition.
A key concept arising from studies of Chd proteins in the nervous system is that different
chromatin remodeling enzymes may be dedicated to distinct phases of nervous system
development (Figures 1.1, 1.2). Whereas Chd4 regulates proliferation of neural precursors, Chd7
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controls terminal neuronal differentiation of neural precursors (Feng et al., 2017; Nitarska et al.,
2016). Likewise, whereas Chd3 and Chd5 coordinate distinct stages of neuron migration, Chd4
orchestrates efferent and afferent neuronal connectivity (Nitarska et al., 2016; Yamada et al.,
2014; Yang et al., 2016). Chd8 may also contribute to proliferation and differentiation of neural
precursors (Durak et al., 2016; Gompers et al., 2017; Suetterlin et al., 2018). It will be interesting
to explore whether developmental stage-specific functions of different Chd proteins are
coordinated with distinct transcription factors, which control specific stages of neuronal
differentiation (Chen et al., 2019; Gaudillière et al., 2004; Huynh et al., 2011; Ikeuchi et al.,
2009; de la Torre-Ubieta and Bonni, 2011; de la Torre-Ubieta et al., 2010; Lasorella et al., 2006;
Puram and Bonni, 2013; Ramos et al., 2007; Shalizi et al., 2006; Stegmüller et al., 2006; Yamada
et al., 2013).
Distinct phases of oligodendrocyte differentiation may also be governed by different
chromatin remodeling enzymes (Figure 1.3). Whereas Chd8 regulates oligodendrocyte precursor
proliferation, Chd7 controls oligodendrocyte differentiation (He et al., 2016; Zhao et al., 2018).
It will be interesting to characterize the functions of other Chd proteins in glial cells.
As advances have come from studies of Chd proteins in neuronal development, these
insights have also raised fundamental questions. We know little if anything about how the
different Chd proteins are regulated in the brain. It will be important to characterize the
relationship between specific extrinsic cues, intracellular signaling cascades, and Chd proteins in
the developing brain.
What might distinct Chd subunits confer to the biochemical functions of the NuRD
complex during brain development? Chd3, Chd4 or Chd5 incorporation may recruit the complex
to distinct sites on the genome. Distinct Chd proteins within the NuRD complex might
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additionally confer different biochemical activities on the nucleosome. Supporting this
possibility, Chd4 seems to preferentially slide nucleosomes, whereas Chd5 may promote
nucleosome destabilization (Quan and Yusufzai, 2014).
How does Chd4 decommission the promoters of developmentally regulated genes? It is
unclear whether NuRD-associated Hdac1/2 activity directly deacetylates H3K27 and H3K9/14 at
the promoters of these genes. Interestingly, the histone demethylase Lsd1, which acts on H3K4
and H3K9, associates with the NuRD complex and represses transcription in murine embryonic
stem cells (mESCs) (Wang et al., 2009; Whyte et al., 2012). Thus, Lsd1 might contribute to the
ability of Chd4 and the NuRD complex to silence genes and drive synapse differentiation in the
brain.
How does Chd4 promote the deposition of H2A.z at the promoters of activity-dependent
genes? Chd4 might directly promote H2A.z incorporation into the nucleosome or cooperate with
the chromatin remodeling enzymes SRCAP or EP400, which deposit H2A.z into nucleosomes
(Pradhan et al., 2016; Ruhl et al., 2006). The chromatin remodeling enzyme Ino80 evicts H2A.z
from gene promoters in yeast, raising the question of whether Chd4 promotes H2A.z deposition
by inhibiting Ino80 activity (Yen et al., 2013).
Does Chd4 regulate H2A.z deposition in other brain regions? The turnover of H2A.z at
activity genes has been implicated in the control of memory formation in the mouse
hippocampus and prefrontal cortex. In the mouse hippocampus, H2A.z is evicted from numerous
gene promoters following contextual fear consolidation (Stefanelli et al., 2018; Zovkic et al.,
2014). Remarkably, knockdown of H2A.z in the CA1 region of the hippocampus or medial
prefrontal cortex improves fear memory formation (Zovkic et al., 2014). Whether Chd4 controls
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H2A.z turnover in these brain regions and consequently formation of fear memory remains to be
addressed.
How might Chd7 and TopIIb collaborate to regulate long gene expression? TopII is
thought to support gene transcription by relieving DNA supercoils produced during transcription
(King et al., 2013; Teves and Henikoff, 2014). Chromatin remodeling enzymes may also induce
DNA supercoils through nucleosome sliding (Havas et al., 2000; Lia et al., 2006). It would be
interesting to determine if TopIIb might relieve supercoils generated by Chd7-dependent
nucleosome sliding to coordinate granule neuron differentiation.
Might Chd8 couple accessibility to H3K4me3 in neurons? Conditional knockout of MLL
complex enzymes Kmt2a and Kmt2b in the mouse hippocampus impairs memory formation,
suggesting a role for MLL complex activity in adaptive responses of the brain (Kerimoglu et al.,
2013, 2017). Exploring the functional relationship between Chd8 and the MLL complex in
neurons might uncover new roles for Chd8 in brain function.
Chromatin remodeling enzymes are major effectors of changes in chromatin state.
Although advances have been made, many aspects of chromatin remodeling enzyme function
remain poorly understood. Improved understanding of chromatin remodeling will contribute to
elucidating fundamental principles of brain development as well as help to explain how
mutations in chromatin remodeling enzymes contribute to neurodevelopmental disorders of
cognition.

1.2 Molecular attributes of Chd4
Discrete domains establish many of the molecular properties of Chd4. Tandem plant
homeodomain (PHD) zinc fingers make up much of the sequence in the N-terminus of Chd4.
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These regions may be critical for binding of Chd4 to the nucleosome and therefore its
remodeling activity; the second PHD finger may particularly initiate recruitment of Chd4 to the
nucleosome through interactions with H3 tails (Gatchalian et al., 2017). C-terminal to the PHD
domains are two chromodomains which may also relate to nucleosome binding. Immediately Cterminal to the paired chromodomains is a split ATPase domain followed by an extensive Cterminal region with unknown domain structure but potential relevance to NuRD complex
interactions (Farnung et al., 2019; Sher et al., 2019).
A recent static cryo-electron microscopy (EM) structure of Chd4 in complex with a
nucleosome has provided unprecedented insights into Chd4’s remodeler action (Farnung et al.,
2019). The positioning of proteins in complex with a nucleosome is often characterized by its
position relative to the dyad, or the central 74th base pair of 147 base pairs wrapped in a lefthanded orientation around the histone octamer. Crystal structure has revealed that the dyad is
positioned as an outward-facing minor groove of DNA; the repeating outward facing minor
grooves along the nucleosome are further characterized as superhelical locations (SHL) (i.e. +/-1,
+/-2, etc.) relative this dyad (Zhou et al., 2019). Chd4’s ATPase lobes interact with the
nucleosome predominantly at SHL+2, which is the second outward-facing minor groove of DNA
downstream of the dyad axis of the nucleosome and is a common position among Chd4 and other
remodelers. Binding of Chd4 to this position in absence of ATP induces a conformational change
in DNA downstream of SHL+2, similar to other remodelers. Chd4 can also bind to SHL-2,
although no conformational change in DNA occurs at this position, suggesting that SHL+2 may
be the predominant enzymatic site for Chd4 on the nucleosome (Farnung et al., 2019). Cryo-EM
of Chd1 in complex with the nucleosome shows DNA stripped away from the histone octamer at
SHL-5 to -7 (Farnung et al., 2017). Distinct from Chd1, the nucleosome in complex with Chd4
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shows no conformational change in SHL-5 to -7, potentially allowing Chd4 to perform
remodeling actions in tight nucleosomal arrays by permitting the nucleosome to remain in a
relatively normal conformation (Farnung et al., 2019).
Single-molecular Förster resonance emission transfer (smFRET) experiments have
furthered revealed Chd4’s remodeling action. Similar to results from the cryo-EM structure,
binding of Chd4 in absence of ATP induces a conformational change in the nucleosome.
Addition of ATP produces sequential conformational changes likely reflecting discrete actions
dependent on each ATP hydrolyzed. This conformational change in the DNA exists and
progresses for several cycles until it returns to an original conformation (Zhong et al., 2019).
Chd4 may therefore induce progressive conformational changes in the nucleosome until the
nucleosome becomes unstable and must relax. This relaxation may be enough to cause sliding of
the histone octamer along the DNA strand.
Nucleosome remodeling by Chd4 might ultimately restrict the accessible state of
chromatin. Reintroduction of NuRD complex subunit Mbd3 into mESCs induces a rapid
reduction in accessibility across the genome. Altered accessibility impacts transcription factor
and co-regulator binding. Interestingly, changes in histone mark status occur after a substantial
delay, suggesting that Chd4 might impact the epigenetic status of regulatory sites by first altering
accessibility of regulatory sites (Bornelöv et al., 2018). Chd4 may slide nucleosomes along DNA
to restrict chromatin accessibility.
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1.3 Principles of genome architecture
1.3.1 Methods for assessing three-dimensional genome architecture
Control of gene expression occurs in tight quarters inside the nucleus of the cell. Nearly
two meters of DNA must collapse within the nucleus of the cell, which for the granule neuron of
the cerebellum is only 10 microns in diameter. For decades researchers have known that packing
DNA into the nucleus is an ordered process that regulates gene expression. The first molecular
components identified were genetic sequences, such as enhancers and insulators, that were
speculated to physically associate with non-contiguous DNA segments in three-dimensional
space. Recent technological advancement in mapping the three-dimensional organization of
these regulatory elements in cells has spawned a renaissance in the understanding of these
molecular players in the control of gene expression and biological processes.
The major workhorse of three-dimensional genome mapping is a suite of technologies in
the chromosome conformation capture (3C) family. Under the assumption that stable interactions
between genomic loci are composed of nucleoprotein complexes, 3C technologies use
crosslinking to fix nucleoprotein complexes in the nucleus in three-dimensional space. Once
fixed, nuclei are exposed to a restriction enzyme that will cut the DNA in these nucleoprotein
complexes at a fixed sequence to create free ends. Free ends are then ligated together, with a
portion of the free ends being from normally non-contiguous genomic sequences. Primer pairs
designed to amplify the DNA sequence containing the novel ligation junction can then assess the
frequency of this interaction in populations of cells (Dekker et al., 2002).
Upon the advent of cost-effective genomic sequencing, 3C has been adapted to define
interactions across the genome. 3C with high-throughput sequencing (4C) allows for the viewing
of all genomic interactions from a specific site (many ‘prey’ for a single ‘bait’) (Simonis et al.,
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2006; Zhao et al., 2006); and 3C carbon-copy (5C) determines all interactions within a specific
genomic region (many ‘prey’ for many ‘bait’) (Dostie et al., 2006). Hi-C was then developed to
map all interactions genome-wide (all ‘prey’ for all ‘bait’) and has remained the major tool used
by researchers due to its unbiased design (Lieberman-Aiden et al., 2009).
Hi-C methodology is similar to 3C in its methodological structure. Nuclei are fixed by a
crosslinking agent, DNA is digested by a restriction enzyme, and free ends are ligated together
by a ligation enzyme. A single modification has allowed this technology to become unbiased.
Before ligation of free ends, free ends are blunted in the presence of a biotinylated nucleotide.
The addition of this nucleotide increases the frequency of contacts sequenced by enriching for
biotinylated ligation junctions through streptavidin beads. Hi-C libraries are then paired-end
sequenced at extremely high depth to identify the genomic regions that comprise the chimeric
fragments (Lieberman-Aiden et al., 2009).
Hi-C methodology has matured to increase the frequency of contacts sequenced. The
major development has occurred during the ligation step. Early methods were so-called ‘dilution’
Hi-C, in which lysed nuclei freed nucleoprotein complexes in a high volume to promote
intramolecular ligation compared to intermolecular ligation. These methods, however, were rife
with contaminating intermolecular ligation products that likely exist at low frequency in the
native nucleus (Lieberman-Aiden et al., 2009). To combat this issue, ‘in situ’ methods were
developed that maintain the integrity of the fixed nucleus and limit the representation of low
frequency interactions in the final Hi-C dataset. The advent of these in situ methods has
permitted researchers to identify genome-wide three-dimensional structures at lower cost (Rao et
al., 2014).
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In addition to genome-wide methods, other enrichment methods have adapted the Hi-C
protocol to generate high-confidence maps of specific regulatory features. The major division of
these technologies is in the enrichment for either the nucleic acid or protein component of
nuclear nucleoprotein complexes. These include promoter-capture Hi-C (pcHi-C) and hybrid
capture on the in situ Hi-C library (Hi-C2), which identify the genomic interactions bridged by
specific genomic sequences, as well as chromatin interaction analysis by paired-end tag (ChIAPET)-seq and proximity ligation-assisted (PLAC)-seq, which identify the genomic interactions
bridged by specific proteins (Fang et al., 2016; Fullwood et al., 2009; Sanborn et al., 2015;
Schoenfelder et al., 2015).
Although the 3C suite of technologies has been a major workhorse, recent advancement
in microscopy methods, specifically in the development of super-resolution imaging, have
allowed for the direct visualization of three-dimensional structure in fixed nuclei. Early methods
used multicolor fluorescent in situ hybridization (FISH) to determine the physical proximity of
genomic loci in the nucleus (Mahy et al., 2002). Newer methods have co-opted super-resolution
imaging for the imaging of FISH probes to dissect genome architecture, including multicolor
oligo-stochastic optical reconstruction microscopy (oligo-STORM), sequential FISH, and optical
reconstruction of chromatin architecture (ORCA). A major advantage of these imaging
modalities over biochemical methods is the observation of chromatin architecture in single cells,
although they typically operate at much lower resolution. Importantly, these imaging methods
have validated some and challenged other insights from Hi-C data (Bintu et al., 2018; Boettiger
et al., 2016; Mateo et al., 2019), indicating that corroboration between biochemical and imaging
methods might be required for a complete understanding of the mechanisms and organization of
three-dimensional genome architecture.

21

1.3.2 Architectural features of the genome
Genomic compartments
Hi-C analyses have revealed large-scale patterns of genome organization represented by
the plaid pattern of the Hi-C contact matrix. This pattern segregates into two broad
‘compartments’ (Lieberman-Aiden et al., 2009). The ‘A’ compartment is typically gene-dense
and marked by active histone post-translation modifications H3K27ac and H3K4me3; contrarily,
the ‘B’ compartment is gene-poor and enriched in inactive histone marks H3K9me2 and
H3K9me3. These broad compartments can be further divided into at least six sub-compartments.
Much like the broad compartments, these sub-compartments are differentially enriched for
distinct histone modifications and gene density (Rao et al., 2014). Interestingly, certain subcompartments may reflect gene clusters that have specialized activation patterns in cells. For
example, the olfactory receptor gene clusters in the genome are a specialized sub-compartment in
murine olfactory neurons (Monahan et al., 2019). Genomic compartments are likely composites
of defined nuclear structures, such as lamina-associated domains, contact domains, and genomic
loops.

Lamina-associated domains (LADs)
Lamina-associated domains (LADs) are segments of the genome that are apposed to the
nuclear lamina that range in size from hundreds of kilobases to a few megabases. The molecular
identification of LADs by DNA adenenine methylase (DamID) technology, in which a bacterial
DNA methyltransferase is fused to a nuclear lamina protein such as LaminB1, has identified
several fundamental properties of LADs that exist across several species. LADs occupy nearly
one-third of the mammalian genome, but they are typically gene-poor (van Steensel and
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Belmont, 2017). Interestingly, the density of genes in LADs among mammals and Drosophila
melanogaster (Drosophila) is similar despite their radical difference in size (van Bemmel et al.,
2010). LADs are laden with inactive histone marks H3K9me2 and H3K9me3 as well as partly by
H3K27me3. Accordingly, LADs are predominantly in the Hi-C-defined B compartment, and the
association of genes with LADs is inversely correlated with gene activation (van Steensel and
Belmont, 2017), suggesting that LADs may contain repressive cues in the regulation of gene
expression.
LADs exist as either constitutive or facultative LADs (c/fLADs). As their name suggests,
cLADs are genomic regions in association with the lamina across cell types and among many
individuals in a population; fLADs exist as LADs only in certain cellular populations or among
certain individuals in a population. cLADs are replete with AT-rich domains and longinterspersed nuclear elements (LINEs) but depleted of short interspersed nuclear elements
(SINEs) and genes compared to fLADs. cLADs may therefore serve a more structural role than
fLADs; and, fLADs may be more instructive to gene expression (van Steensel and Belmont,
2017).

Contact domains and genomic loops
Contact domains are local clumps of contiguous genome segments in the nucleus that
range in size from hundreds of kilobases to a few megabases that exist in both the A and B
compartments. Genomic loops are direct associations of non-contiguous genome segments that
are largely under a few megabases in distance. Thousands of loops and contact domains exist in
the genome (Rowley and Corces, 2018). Most vary between cell types and species, but some are
invariant (Dixon et al., 2012; Rao et al., 2014). Contact domains exist in two varieties depending
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on their relation to genomic loops. Whereas ‘loop’ domains are defined by the presence of a
genomic loop at the domain boundaries, ‘compartmental’ domains are defined by the absence of
a genomic loop at the domain boundaries. Importantly, loops are found outside of the context of
the domain boundary, such as between gene promoters and enhancers (Rowley and Corces,
2018; Schoenfelder and Fraser, 2019). A complicated interplay of loops and domains provides
the makeup of local interactions across the genome.
Contact domains and loops exist among single cells in a population, although substantial
variability exists. This variability is most evident in the borders of the contact domain and in the
spatial organization of contact domains with respect to one another. Domain boundaries and loop
anchor distances change with cellular state, but these parameters are variable even among cells in
the same cellular state. Importantly, the composite of these single-cell interactions can generate
data similar to a Hi-C contact matrix on a population of cells (Bintu et al., 2018; Mateo et al.,
2019). In addition to capturing distinct cellular states (ie. ergodicity), population-level Hi-C data
may therefore represent a composite map of cells with distinct domain structures.

1.3.3 Bidirectional control of regulatory elements and genome architecture
Regulatory elements and genome architecture are under bidirectional control. Regulatory
elements can recruit nucleoprotein complexes to establish architectural features; conversely,
regulatory element function is dependent on the architecture in which the locus resides.
Deciphering the extent and mechanisms of this control will advance our understanding of nuclear
processes.
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Cis-regulatory control of architectural features
Genomic compartments
Genomic compartments are composites of local structural features that segregate in the
nucleus in a pattern that correlates with the differing activity states of genomic loci (LiebermanAiden et al., 2009; Rao et al., 2014). One hypothesis for how these structures form is through the
distinct nucleoprotein complexes that are recruited to genomic loci underlying each
compartment. Disruption of integral ncRNAs or proteins of euchromatin and heterochromatin
can impair segregation of genomic loci into compartments, but it is difficult to disentangle the
roles of these components in control of local epigenetic features from direct
compartmentalization (van Steensel and Furlong, 2019). Which nucleoprotein complexes are
directly involved in compartmentalization of the genome remains an open question.

Lamina-associated domains
DNA sequence may instruct the formation of LADs. Both the immunoglobulin heavy
chain (IgH) and cytochrome P450 3A (Cyp3a) gene clusters are associated with the periphery in
NIH 3T3 fibroblasts. Transcriptional activation of these gene clusters in other cell types is
associated with their relocation away from the nuclear periphery, suggesting that they exist in
fLADs. Surprisingly, directed integration of regions within the IgH and Cyp3a gene clusters into
a defined genomic locus relocates the locus to the nuclear periphery in NIH 3T3 cells.
Integration of these regions with an active promoter driving a reporter gene reduced expression
of this reporter gene (Zullo et al., 2012), suggesting that lamina-associated sequences (LASs)
may mediate LAD formation and transcriptional repression.
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Another example of LAS control of LAD formation was observed through studies of the
locus containing the beta-globin gene (Hbb). This locus is in a fLAD that associates with the
nuclear periphery in cells that have low expression of this gene. Multiple integrations of the Bhh
locus into mESCs localize to the nuclear periphery generally independent on the insertion
location. Further, integration of distinct bacterial BACs containing minimal stretches of the Hbb
locus into mouse 3T3 fibroblasts identified three regions between 6-23kb in length necessary for
targeting of the locus to the nuclear periphery. Interestingly, these regions lacked the Hbb gene,
suggesting that distal sequences can direct genomic regions into LADs (Bian et al., 2013; Harr et
al., 2015). LAD formation may be encoded in the genome.
LASs likely contain sequences that recruit protein complexes, which are the effectors of
this laminar localization. The IgH locus contains a series of GAGA motifs that, when mutated,
impairs its localization to the nuclear lamina in NIH 3T3 cells. The Kruppel-like zinc finger
POZ-domain transcription factor (cKrox) binds to this motif and interacts with Hdac3 and
lamina-associated polypeptide 2 (Lap2), a histone deacetylase and lamina-associated
transmembrane protein respectively. Loss of either Hdac3 or Lap2 impairs localization of a
minimal GAGA motif sequence to the nuclear periphery. Moreover, during cardiomyocyte
differentiation in vitro, there is dynamic reorganization of LADs. Loss of Hdac3 in these cells
impairs the maintenance of alleles at the nuclear periphery. Interestingly, a catalytic-dead Hdac3
was insufficient to rescue the phenotype, indicating that enzyme-independent functions of Hdac3
may be required for localization of genomic loci to the nuclear periphery. In contrast, forced
localization of Hdac3 to the nuclear periphery by fusion of Hdac3 to Lap2 was sufficient – but
expression of an Hdac3 lacking interaction with Lap2 was insufficient – to keep alleles at the
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nuclear periphery (Zullo et al., 2012), further suggesting that enzyme-independent interactions of
Hdac3 with Lap2 maintain localization of genomic loci to the nuclear periphery.
Other proteins may control the localization of loci to the nuclear periphery. Ying-yang 1
(YY1), but not cKrox, binding to a minimal fragment from the Ikaros family zinc finger 1 (Ikfz1)
fLAD was sufficient to drive its localization to the nuclear periphery (Harr et al., 2015). Prolinerich protein 14 (Prr14) is an additional factor that may tether genomic loci to the nuclear
periphery. Prr14 remains soluble during much of mitosis. During anaphase, Prr14 rapidly cobinds heterochromatin protein 1 (Hp1)-bound loci; and loss of Prr14 impairs nuclear lamina
formation and tethering of genomic loci to the nuclear periphery during interphase (Poleshko et
al., 2013), indicating that Prr14 may participate in the targeting of heterochromatic loci to the
nuclear periphery during interphase.
Epigenetic regulators may also control targeting of genomic loci to the nuclear periphery.
Depletion of H3K9me2 and H3K9me3 methyltransferases in Caenorhabditis elegans (C.
elegans) and human cells can impair the localization of genomic sequences to the nuclear
periphery (Bian et al., 2013; Gonzalez-Sandoval et al., 2015). These effects may be independent
of transcriptional activation. The synthetic decondensation of transcriptional units in the absence
of transcriptional change can induce repositioning of the loci to the nuclear interior. This
decondensation may however be highly local, since activation of a transcriptional unit in a LAD
can decondense only the transcriptional unit and the flanking 50-100kb (Brueckner et al., 2019).
LAD formation likely involves a complicated suite of sequence-encoded binding of transcription
factors and epigenetic regulators, with variable dependence on transcription.
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Contact domains and genomic loops
DNA sequences are instructive to the formation of genomic loops and contact domains.
First discovered were enhancers through studies of the simian virus 40 (SV40) and Hbb gene.
Placement of a 72bp fragment from the simian virus 40 (SV40) genome improved expression of
Hbb over two orders of magnitude (Banerji et al., 1981). Since this discovery, nearly a million
enhancers have been identified in the mouse or human genome, with many associated with
human disease (Schoenfelder and Fraser, 2019).
One striking example of enhancer function comes from studies of the zone of polarizing
activity (ZPA) regulatory sequence (ZRS), which is an enhancer nearly a megabase away from
the sonic hedgehog (Shh) gene that drives expression of Shh in the posterior limb bud and
promotes limb formation. Single-nucleotide polymorphisms (SNPs) in ZRS are associated with
various limb malformations in humans (Lettice et al., 2003). Interestingly, the evolutionary
history of ZRS suggests that ZRS acquired several nucleotide substitutions and indels along the
snake lineage. Replacement of mouse ZRS with snake ZRS leads to failed expression of Shh in
the posterior limb bud and formation of mouse limbs, both similar to complete deletion of the
mouse ZRS; further, reintroduction of a 17bp sequence from the mouse ZRS into the snake ZRS
can rescue the ‘serpentized’ phenotype of mice harboring snake ZRS (Kvon et al., 2016).
Nucleotide substitutions in enhancers over generations may therefore be drivers of evolution by
altering tissue-specific gene expression. These effects of enhancers on tissue morphogenesis are
across tissue, such as the in the brain, where individual deletions of ‘ultraconserved’ enhancers
can disrupt normal brain development (Dickel et al., 2018). Individual enhancers are therefore
critical drivers of development.
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Distinct from the seemingly binary control of gene expression by ZRS and ultraconserved
enhancers, other enhancers may serve redundant, modulatory roles in the control of gene
expression. Deletions of individual enhancers that physically interact with genes required for
limb formation caused no specific deficit in limb formation (Osterwalder et al., 2018). In
contrast, deletion of these enhancers on a sensitized background, either through deletion of
combinations of these enhancers or heterozygosity of the downstream gene, caused limb
malformation (Osterwalder et al., 2018). Importantly, the effect of individual enhancers on these
sensitized backgrounds differed between enhancers (Osterwalder et al., 2018), suggesting that
although these enhancers may be redundant under baseline conditions, a hierarchy may exist for
enhancer function in the control of downstream gene expression under cellular stress. Enhancers
may therefore regulate downstream gene expression as a partially redundant hierarchy.
Enhancers may regulate downstream gene expression through genomic looping. The
proximity of enhancers to promoters is often correlated with gene activation. Forced proximity of
enhancers to promoters increases gene expression (Bartman et al., 2016; Kim et al., 2019;
Morgan et al., 2017), potentially by modulating the frequency of discontinuous transcription
events, termed ‘bursts’, and polymerase pause release (Bartman et al., 2016, 2019). Promoterenhancer looping may be regulated within contact domains. For example, the ZRS and Shh gene
are in close proximity in a variety of cell types, including Shh non-expressors, but the distance
between ZRS and Shh is shorter in the ZPA (Williamson et al., 2016). Genomic looping may
therefore be a coordinated process to regulate gene expression within contact domains.
Insulators represent a second class of regulatory elements that coordinate genome
architecture. Insulators were first discovered, although postulated, through studies of the scs/scs’
sequences from the 87A7 heat shock locus (Kellum and Schedl, 1991). Drosophila were
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transformed with P-elements containing either a white maxigene or minigene that encode for
white eye color flanked by scs/scs’ putative boundary elements (Kellum and Schedl, 1991). The
white maxigene contained all sequence elements for expression of the white gene, therefore any
transgenic animals without white eye color result from position effects of the insertion site
(Kellum and Schedl, 1991). As the contrapositive, the white minigene does not contain all
sequence elements for expression of the white gene, therefore any transgenic animals with white
eye color result from position effects of the insertion site (Kellum and Schedl, 1991).
Transposition of the white maxigene flanked by scs/scs’ frequently led to animals with white eye
color; accordingly, transposition of the white minigene flanked by scs/scs’ generally led to
animals with wild-type eye color (Kellum and Schedl, 1991). These experiments established
scs/scs’ as the first known insulators, as they were able to resist position effects of the inserted Pelements.
The molecular regulators of looping via enhancers and insulators are similar. Chief
among these putative regulators is the ring-like Cohesin complex, which upon disruption of its
binding eliminates loops genome-wide (Rao et al., 2017; Schwarzer et al., 2017; Yamada et al.,
2019). Cohesin is thought to entrap DNA within the ring then translocate along DNA until it
reaches a barrier, a process termed ‘loop extrusion’ (Rowley and Corces, 2018; Vian et al.,
2018). The barriers reached by Cohesin that impede extrusion are thought to be regulatory
elements, including promoters, enhancers, and insulators (Vian et al., 2018). Barriers likely slow
rather than universally stop Cohesin extrusion, since depletion of the Cohesin unloader WAPL
creates longer loops an (Haarhuis et al., 2017); further, Cohesin may support interactions across
supposed barriers (Luppino et al., 2019). Extrusion may therefore be a principal mechanism
underlying Cohesin-dependent genomic looping.
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Regulatory sites likely create barriers for Cohesin through distinct mechanisms.
Promoters and enhancers are often bound by diverse sets of transcription factors and coregulatory complexes, but it remains unclear what specific factors might impede loop extrusion
at these sites (Schoenfelder and Fraser, 2019). It is also unclear how Cohesin function relates to
other factors at promoters and enhancers that may directly coordinate genomic looping through
dimerization or other intermolecular interactions including via ncRNAs (Tsai et al., 2018;
Weintraub et al., 2017). In contrast, insulators are often bound by the transcription factor Ctcf at
motifs in convergent orientation (Rao et al., 2014; de Wit et al., 2015). Similar to Cohesin, loss
of Ctcf eliminates a loop domains (Nora et al., 2017); however, not all interactions are disrupted,
indicating that Cohesin likely supports genomic interactions independent of Ctcf (Nora et al.,
2017). Loop extrusion is thought to explain the formation of both promoter-enhancer as well as
insulator-insulator loops (Vian et al., 2018), although this has yet to be directly tested.
Nucleoprotein complexes bound to regulatory elements may therefore regulate in loop extrusion.

Architectural control of cis-regulatory elements
Lamina-associated domains
LADs may have repressive effects on specific subsets of promoters and enhancers.
Comparing the innate transcriptional output of DNA sequences by massively parallel reporter
assay (MPRA) with the expression of the native, downstream gene in its chromatin context in the
same cells revealed several classes of promoters by their ability to express genes in the context of
a LAD. ‘Repressed’ LAD promoters could express a reporter gene in the MPRA but poorly
expressed native transcript in a LAD; ‘Escaper’ LAD promoters expressed a reporter gene in an
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MPRA similar or even lower to than the expression of the native transcript in a LAD; and
‘Inactive’ LAD promoters poorly expressed a reporter gene in the MPRA and native transcript in
a LAD. Random integration of repressed or enhancer promoters upstream of a reporter into cells
revealed a remarkable trend – repressed promoters were unable to express a reporter gene when
integrated into a LAD, but escaper promoters were able to express this reporter gene.
Interestingly, promoter strength alone, as measured by the absolute expression of the reporter
gene by MPRA, could not explain the ability of a promoter to escape a LAD (Leemans et al.,
2019). What local sequences might dictate escaper versus repressed promoters remain unclear.
Although repressed promoters were globally more sensitive to LADs, there was
substantial variation within LADs on the effect of a LAD on the expression of the reporter gene.
A statistical learning approach revealed several local chromatin features that could predict the
extent of repression of a repressed promoter. Important contributors to this prediction were the
presence of LaminB1, which correlated with reporter gene repression, and H2a.z, which
correlated with reporter gene expression. Importantly, enhancer sequences also demonstrated
repressed or escaper properties similar to promoters (Leemans et al., 2019). LADs may therefore
be repressive environments to a subset of promoters and enhancers.

Contact domains and genomic looping
The activity of cis-regulatory elements on gene expression may be a consequence of
contact domain and loop interactions. Epigenomic features are correlated within contact
domains, with a sharp drop-off in correlation at domain boundaries (Rao et al., 2014), suggesting
that epigenetic regulation may occur in the confines of contact domains. Contact domains also,
by definition, restrict contacts across domain boundaries, and promoter-enhancer loops are more
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often within contact domains than between domains (Rowley and Corces, 2018). Contact
domains may be environments that delimit regulatory site control of gene expression.
Structural variation including contact domain boundaries can rewire enhancer-promoter
relationships in cells (Spielmann et al., 2018). Structural variation may underlie developmental
abnormalities or the onset of neoplasia by manipulating chromatin architecture and re-wiring
enhancer-promoter contacts.

1.3.4 Dynamic genome architecture during cellular differentiation
Compartment interactions are dynamic during cellular differentiation. Differentiation of
human or mouse ESCs shows widespread switching of genomic regions between A and B
compartments. Genomic regions switching compartments often contained one or multiple
contact domains, suggesting that contact domains are units of compartmental reorganization in
the cell (Dixon et al., 2015). In addition to frank switching of compartments, the relative strength
of A and B compartmentalization changes over differentiation. During differentiation of mESCs
into neurons in vitro, interactions between A compartment regions weakened and those between
B compartment regions strengthened. Concomitantly, the correlation between active histone
marks and the compartmentalization of the genome weakened, but the anticorrelation between
inactive histone marks and the compartmentalization of the genome strengthened (Bonev et al.,
2017); this suggests that strengthening of the inactive compartment of the genome might
accompany strengthening of heterochromatin genome-wide. Reorganization of genomic
compartments may be a major component of cellular differentiation.
Regulation of contact domain interactions may be a principal mechanism by which
compartment structure reorganizes during cellular differentiation. Intra-domain interactions
33

strengthen during differentiation at the expense of inter-domain interactions. Accompanying
intra-domain interaction strengthening is greater enrichment of contacts at loops anchoring
contact domains. Interestingly, contact domain boundaries become strongly enriched for active
genes, although inhibition of several of these genes during differentiation had no effect on
domain formation (Bonev et al., 2017). Contact domain interactions are highly dynamic during
differentiation, with interactions often corresponding to the underlying epigenetic features of
domains.
Looping events may be the most dynamic architectural features during cellular
differentiation. During adipocyte differentiation in vitro, more than 50% of all promoteranchored loops change in strength (Siersbæk et al., 2017). Loop strength changes correspond to
changes in gene expression, with few contacts between promoters and genomic loci when the
gene is inactive. Surprisingly, loops also exist between regions bound by polycomb complex 1
enzyme Ring1B and between regions bound by similar transcription factors (Bonev et al., 2017).
The underlying protein milieu of regulatory regions may therefore select for the specific loops
present during cellular differentiation.
In addition to the regulation of interactions among canonical architectural structures,
specific cell types develop unique chromatin structures during differentiation. The mammalian
olfactory epithelium contains neurons that express a single olfactory receptor per cell. Olfactory
receptor genes are grouped into several olfactory neuron gene clusters across chromosomes.
Expression of olfactory receptor genes seems to rely on the organization of these olfactory
neuron gene clusters within the nucleus, forming a specific compartment that can be separated
from the normal A and B compartments. The mechanisms that underlie olfactory neuron
differentiation also underly the formation of this unique inter-chromosomal compartment;
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deletion of enhancers or genes involved in olfactory neuron differentiation can impair the
formation of the olfactory receptor gene architecture (Monahan et al., 2019). Unique structures
also appear transiently during differentiation in other cell types, such as the refined
compartmentalization in pachytene spermatocytes (Wang et al., 2019). The maturation of
genome architecture likely involves reorganization of canonical and non-canonical structures in
the nucleus.

1.3.5 Chromatin remodeling enzymes in control of genome architecture
Chromatin remodeling enzymes might regulate genome architecture through direct
actions on architectural proteins. The yeast chromatin remodeling complex Rsc directly interacts
with the Cohesin loading complex. This interaction is independent of its ATPase activity,
indicating that Rsc might serve as a receptor for Cohesin loading on the genome. This is
especially interesting since Cohesin loading is focused on a subset of sites genome-wide, yet the
Cohesin loading complex has no intrinsic DNA binding specificity. Interaction of the Cohesin
loading complex may therefore use protein-protein interactions to specify Cohesin loading sites
across the genome. Although interaction of the Cohesin loading complex with Rsc is
independent of Rsc’s ATPase activity, loading of Cohesin onto the genome involves Rsc’s
ATPase activity, and chromatin represents a barrier to Cohesin loading in vitro. Interestingly,
physically coupling the Cohesin loading complex to other chromatin remodeling enzymes, such
as Chd1, supported loading of Cohesin onto chromatin (Muñoz et al., 2019). These results
suggest that chromatin remodeling enzymes may modulate Cohesin loading onto chromatin. This
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may result from serving as a molecular receptor for the Cohesin loading complex or regulating
nucleosomal parameters to facilitate Cohesin loading.
Chromatin remodeling enzymes may additionally govern binding of key transcription
factors in control of genome architecture. Chromatin remodeling enzymes each control distinct
repertoires of transcription factors, a result of the distinct binding patterns and nucleosomal
activities of these enzymes. Following suit, Iswi family chromatin remodeling enzyme Snf2h
supports binding of Ctcf to the genome through changes in nucleosome phasing at Ctcf binding
sites; in contrast, Swi/Snf family chromatin remodeling enzyme Brg1 has little effect on Ctcf
binding but instead controls a distinct set of transcription factors, including Rest. Snf2h loss in
mESCs impairs formation of contact domains, but Brg1 has little effect on the formation of these
domains (Barisic et al., 2019). Instead, Brg1 may support interactions between promoters and
enhancers under stimulus responsivity, a process that requires binding of diverse transcription
factors (Lyu et al., 2018). Chromatin remodeling enzymes may control genome architecture
through actions on varied transcription factor repertoires.

1.3.6 Conclusions
Proper maturation and refinement of the nervous system requires a complex suite of
transcriptional regulators. Among these transcriptional regulators are chromatin remodeling
enzymes, which control nucleosome parameters to impact gene expression. An explosion of
modern techniques has revealed a new property of transcriptional regulation through control of
genome architecture. Chromatin remodeling enzymes may instruct the formation of genome
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architecture through regulation of the proteins directly involved in organizing the genome in
three dimensions.
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Figure 1.1: Chromatin remodeling enzymes coordinate distinct phases of neuronal
differentiation
(A) Distinct phases of cortical neuron differentiation are governed by chromatin remodeling
enzymes. Proliferation of cortical neuron precursors requires Chd4. Whereas Chd3 promotes
early differentiation and migration of cortical neuron precursors, Chd5 promotes migration of
cortical neurons into upper layers of the cortex. Cortical neuron precursor proliferation and
differentiation may be also subject to control by Chd8. (B) Distinct chromatin remodeling
enzymes control granule neuron differentiation in the cerebellum. Whereas the initiation of
granule neuron differentiation requires Chd7, Chd4 orchestrates afferent and efferent
connectivity of granule neurons in the internal granule and molecular layers in the cerebellum.
VZ, ventricular zone. IZ/SVZ, intermediate zone/subventricular zone. CP, cortical plate. Sup.,
superficial. EGL, external granule layer. ML, molecular layer. PCL, Purkinje cell layer. IGL,
internal granule layer.
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Figure 1.2: Molecular control of granule neuron differentiation by Chd7 and Chd4
Chd7 regulates the genomic binding of TopIIb and long gene expression in granule neuron
precursors, thus controlling differentiation of these cells. Chd4 decommissions promoters of
developmental genes, silencing them and thereby driving granule neuron parallel fiber/Purkinje
cell synapse formation. In contrast, Chd4 deposits histone variant H2A.z at promoters of activity
genes and shuts of their transcription, leading to dendrite elimination and sparse encoding.
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MLL?

Figure 1.3 Molecular control of oligodendrocyte differentiation by Chd7 and Chd8
Chd8 interacts with MLL complex members Ash2l and Wdr5 and controls chromatin
accessibility and H3K4me3 in oligodendrocyte precursors, causing proliferation of these cells.
Chd7 interacts with Sox10 to control gene expression, ensuring proper differentiation of
oligodendrocytes.
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Chapter 2
Chd4 controls genome architecture in the
developing cerebellum
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2.1 Summary
Nervous system development demands exquisite control of gene expression. Major
regulators of gene expression in the developing brain are chromatin remodeling enzymes, which
are often mutated in neurodevelopmental disorders. Mutations in the nucleosome remodeling and
deacetylase (NuRD) complex chromatin remodeling enzyme Chd4 are associated with
syndromic intellectual disability. The mechanisms by which Chd4 regulates gene expression in
the brain remains poorly understood. Here, we demonstrate that conditional knockout of Chd4 in
the mouse cerebellum alters accessibility at promoters and enhancers genome-wide. Surprisingly,
we find that enhancers are preferentially affected upon loss of Chd4, revealing altered activity
and recruitment of architectural protein Cohesin at these sites. Altered epigenetic features
manifest alterations in higher-order chromatin architecture, including changes in interaction
frequencies within contact domains and the compartmentalization of these domains. Included
among these altered intra-domain interactions are promoter-enhancer loops, which correspond to
changes in gene expression. Further, Chd4-dependent contact domains are under strict
developmental control. These findings demonstrate that chromatin remodeling enzymes may
control chromatin architecture in the developing brain.
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2.2 Introduction
Neurons require the timely expression of genes to establish and refine the proper circuitry
of the nervous system (Gallegos et al., 2018). An integral component of this gene regulation is
chromatin organization including such molecular pathways as DNA methylation, histone posttranslational modification, and nucleosome remodeling. ATP-dependent chromatin remodeling
enzymes are the central effectors of nucleosome remodeling (Clapier et al., 2017). Nucleosome
remodeling is thought to comprise changes in nucleosome spacing, density, or subunit
composition (Clapier et al., 2017). Several families of chromatin remodeling enzymes
collaborate on the epigenome to collectively organize these nucleosome parameters, each having
a distinct remodeling output (Clapier et al., 2017).
Mutations in Chd family chromatin remodeling enzymes are enriched in
neurodevelopmental disorders of cognition, denoting a critical role for nucleosome remodeling in
brain development (Carvill et al., 2013; Devlin et al., 2012; McRae et al., 2017; O’Roak et al.,
2012a, 2012b, 2014; Pilarowski et al., 2018; Sifrim et al., 2016; Snijders Blok et al., 2018;
Talkowski et al., 2012; Vissers et al., 2004; Weiss et al., 2016). Chd family chromatin
remodeling enzymes serve unique roles in the maturation of the neuronal epigenome and in the
nervous system, reflecting the distinct binding patterns and molecular functions of the enzymes
(Goodman and Bonni, 2019).
Chd family enzyme Chd4 is critical to brain development. Mutation of Chd family
enzyme Chd4, which encodes an ATP-dependent chromatin remodeling enzyme that is a core
member of the nucleosome remodeling and deacetylase (NuRD) complex (Tong et al., 1998;
Xue et al., 1998; Zhang et al., 1998), results in Sifrim-Hitz-Weiss intellectual disability
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syndrome, and Chd4 depletion in the developing brain impairs brain development (Nitarska et
al., 2016; Yamada et al., 2014; Yang et al., 2016). Conditional knockout of Chd4 in the
cerebellar granule cell leads to defects in cerebellum-dependent learning and in the neuronal
coding of sensorimotor stimuli (Yang et al., 2016). Accordingly, knockout of Chd4 causes
defects in efferent synapse formation and in the morphogenesis of the mature granule neuron
dendritic arbor through distinct molecular pathways at gene promoters (Yamada et al., 2014;
Yang et al., 2016). Chd4 decommissions developmentally regulated genes with removal of active
histone marks, promoting the maturation of granule neuron efferent synapses (Yamada et al.,
2014). Chd4 also inactivates activity genes with deposition of histone variant H2A.z, causing
pruning of the granule neuron dendritic arbor (Yang et al., 2016). In addition to gene promoters,
Chd4 binds widely to active distal regulatory elements (i.e. enhancers) in the brain (Yang et al.,
2016). The NuRD complex reduces nucleosome density at enhancers to regulate gene expression
in murine embryonic stem cells (mESCs) (Arends et al., 2019; Bornelöv et al., 2018; Yoshida et
al., 2019), but whether Chd4 contributes to brain development through its role at enhancers
remains unclear.
Gene expression control by promoters and enhancers are subject to the higher-order,
three-dimensional (3D) principles of genome architecture in the nucleus. Genome architecture
comprises several 3D features including the local enrichment of contacts across a contiguous
genomic region, termed ‘contact domains’ or ‘topologically associating domains’ (TADs), and
the coalescence of non-contiguous genomic regions, termed ‘loops’ (Rowley and Corces, 2018).
Contact domains exist as loop or compartmental domains, which are each thought to form by
distinct mechanisms (Nora et al., 2017; Rao et al., 2017; Rowley and Corces, 2018; Schwarzer et
al., 2017). Loop domains contain a loop at the boundary of the domain and may form by the
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extrusion of DNA by the ring-like Cohesin complex up to these loop anchor points, which are
often bound by the transcription factor Ctcf, enforcing contacts among the regions within the
boundaries set by the loop anchors (Rao et al., 2017; Rowley and Corces, 2018; Schwarzer et al.,
2017). Compartmental domains are devoid of loops at their domain boundaries and may form
through homotypic interactions among genomic regions with similar epigenomic modifications
(Rowley and Corces, 2018). Importantly, loops also bring together regions other than contact
domain boundaries, such between promoters and enhancers within a contact domain
(Schoenfelder and Fraser, 2019). The composite of these local interactions emerges as higherorder structures termed ‘compartments’, which may represent phase-separated structures within
the nucleus (Rowley and Corces, 2018).
Genome architecture is dynamic during neuronal differentiation (Bonev et al., 2017),
implicating the maturation of genome architecture in brain development. Additionally, mutations
in Cohesin complex proteins cause Cornelia-de-Lange syndrome, patients of which exhibit
intellectual disability (Kline et al., 2018). The maturation of chromatin architecture may
therefore be fundamental to nervous system development, yet how and which nuclear proteins
modify genomic architecture to facilitate gene regulation during brain development remain open
questions.
Chromatin remodeling enzymes might play a central role in the organization of genome
architecture. The yeast Rsc complex interacts with the Cohesin loading complex and moves
nucleosomes to promote Cohesin loading onto DNA (Muñoz et al., 2019). Iswi family remodeler
Snf2h controls nucleosome phasing in mESCs and supports Ctcf binding to the genome, thereby
governing the formation of contact domains (Barisic et al., 2019). Swi/Snf family remodeler
Brg1 also is critical for heat shock-induced promoter-enhancer (P-E) contacts but has little effect
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on contact domain structure (Barisic et al., 2019; Lyu et al., 2018), suggesting that the effect of
chromatin remodeling enzymes on chromatin architecture may be enzyme-specific. These
studies raise the fundamental question of whether chromatin remodeling enzymes participate in
the organization of chromatin architecture in the developing brain.
Here, we reveal a role for Chd4 in the organization of chromatin architecture in the
developing brain. By studying the effects of conditional knockout of Chd4 in the developing
mouse cerebellum, we show that Chd4 controls accessibility at promoters and enhancers
genome-wide. Surprisingly, accessibility changes manifest as activity state and Cohesin binding
changes preferentially at enhancers. Local alterations in accessibility and architecture protein
binding regulate contact domain strength, partially through regulation of genomic loops in loop
domains. Intra-domain P-E loops are particularly disrupted, with correspondingly altered gene
expression. Additionally, Chd4-dependent contact domains are under striking regulatory control
during cerebellum development. Together, our results demonstrate that chromatin remodeling
enzymes play a fundamental role in the organization of chromatin architecture in the developing
brain.

2.3 Results
2.3.1 Chd4 depletion preferentially modulates enhancer activation and Cohesin binding
Chd4 is thought to reduce nucleosome accessibility to regulate gene expression (Arends
et al., 2019; Bornelöv et al., 2018; Yoshida et al., 2019). To determine if Chd4 regulates
chromatin accessibility in the developing cerebellum, we performed DnaseI-hypersensitivity
sequencing (DnaseI-seq) in the postnatal day 22 (P22) control and Chd4 conditional knockout
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(cKO) cerebellum, in which Chd4 is knocked out specifically in developing cerebellar granule
neurons (Figure 2.1A). Chd4 loss resulted in widespread increases in genomic accessibility
(Figures 2.1B-C, 2.5A). Consistent with previous reports, more sites increased rather than
decreased in accessibility (Figure 2.1C). Included among these sites with altered accessibility
were H3K27ac-marked active promoters and enhancers that were also bound by Chd4, such as
the enhancers in the Rph3al and Gm12339 gene loci (Figures 2.1B, 2.1D, 2.5B) (Yamada et al.,
2014; Yang et al., 2016). Chd4 depletion in the developing cerebellum causes widespread
increases in genomic accessibility.
Chromatin remodeling complexes control the activity state of regulatory elements
(Clapier et al., 2017). We thus examined how changes in accessibility might alter the activity
state of promoters and enhancers in the Chd4 cKO cerebellum as measured by changes in
H3K27ac. Surprisingly unlike the similar change in accessibility at promoters and enhancers,
H3K27ac changed more strongly at enhancers than at promoters (Figures 2.1E, 2.5C). Chd4 loss
preferentially alters the H3K27ac state of enhancers in the developing cerebellum.
We next examined how preferential regulation of enhancers might alter the binding of
critical transcriptional regulators to regulatory elements. Cohesin is one such transcriptional
regulator, which may coordinate gene expression by enforcing the proximity of promoters with
regulatory elements in the nucleus (Schoenfelder and Fraser, 2019). To determine if Chd4 might
regulate Cohesin binding, we performed ChIP-seq for Cohesin complex protein Smc1 in the
control and Chd4 cKO cerebellum (Figure 2.1A-B, 2.1E). Similar to that seen with H3K27ac,
Cohesin binding in the Chd4 cKO cerebellum changed in accordance with accessibility more
strongly at enhancers (Figures 2.1B, 2.1F, 2.5C). Loss of Chd4 increases accessibility in the
cerebellum to control the activity and Cohesin binding status at enhancers.
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2.3.2 Chd4 depletion alters contact domain interactions and compartmentalization
The widespread change in Cohesin binding in the Chd4 cKO cerebellum led us to ask if
Chd4 participates in the organization of cerebellar genome architecture. We therefore performed
in situ chromosome conformation capture with high-throughput sequencing (Hi-C) to identify
over 1.7 billion genomic contacts in the control and Chd4 cKO cerebellum from three biological
replicates per condition to attain 6kb resolution contact matrices (Figures 2.2A, 2.6A-B) (Rao et
al., 2014). Biological replicates were highly concordant, so all replicates were pooled for further
analysis (Figure 2.6C). Sequencing to this depth revealed features of genome-wide contacts
present in other cell types – such as compartmentalization, contact domains, and loops – in both
the control and Chd4 cKO cerebellum (Figures 2.6D-E) (Lieberman-Aiden et al., 2009; Rao et
al., 2014).
Contact domains are a fundamental unit of chromatin architecture across cell types and
species (Rowley and Corces, 2018). To determine if Chd4 regulates contact domain interactions,
we identified 7,796 contact domains in the control and Chd4 cKO cerebellum using the
Arrowhead algorithm (Figure 2.7A). Moreover, we segregated these domains further into those
with genomic loops at the borders of the contact domain (i.e. loop domain) and those without
loops at the borders (i.e. compartmental domain). To do so, we identified 11,525 loops in the
control and Chd4 cKO cerebellum using the HiCCUPS algorithm, which demarcated 2,752 loop
and 5,044 compartmental domains (Figures 2.7B-E).
Because the regulation of gene expression often occurs within the context of contact
domains, we next examined the effect of widespread accessibility, acetylation, and Cohesin
binding changes in the Chd4 cKO cerebellum on contact domain interactions (Schoenfelder and
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Fraser, 2019). Inspection of contact domains genome-wide revealed alterations in genome
interactions that corroborated with the changes in epigenetic features within these domains
(Figure 2B). In an example contact domain on chromosome 13, we observed an increase in
accessibility, H3K27ac, and Cohesin binding among enhancers across the contact domain in the
Chd4 cKO cerebellum (Figure 2.2B). Consistent with these trends in epigenetic features,
contacts within this domain increased in strength in the Chd4 cKO cerebellum (Figure 2.2B),
suggesting that Chd4 loss affects genomic interactions within contact domains in the developing
cerebellum.
Quantitative analysis of genome-wide accessibility changes in contact domains strongly
supported our visual inspection, showing that accessibility changes predict changes in contact
domain interactions in the Chd4 cKO cerebellum (Figure 2.2C-D). Additionally, contact domain
interactions changed in accordance with alterations in H3K27ac and Cohesin binding in these
domains (Figures 2.2E-F). Moreover, most accessible sites were within contact domains (Figure
2.7F), indicating that a widespread effect of accessibility changes genome-wide in the Chd4 cKO
cerebellum is the change in contact domain interactions. These trends were consistent among
both loop and compartmental domains (Figures 2.7G-I). Widespread alterations in accessibility
following Chd4 cKO may therefore control interactions within contact domains by manipulating
the activity and Cohesin binding status of enhancers within contact domains.
Genome-wide interactions segregate into higher-order contact patterns that are thought to
reflect the broad compartmentalization of the genome within the nucleus. The epigenetic status
of a genomic locus is a strong predictor of the higher-order contact pattern of that locus, and
contact domains are thought to be the units of compartment dynamics during differentiation
(Dixon et al., 2015; Rao et al., 2014). Because we observed coordinated changes in the
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epigenetic and interaction states of contact domains in the Chd4 cKO cerebellum, we considered
a role for Chd4 in the compartmentalization of contact domains in the developing cerebellum.
We segregated each chromosome into 150-kb bins and assigned regions of the chromosome into
two broad compartments based on the regional similarity in contact patterns across genomic loci.
The ‘A’ compartment correlated positively with active histone marks, and the ‘B’ compartment
anticorrelated with these marks (Figure 2.6D, 2.7J).
We next assessed the relationship between changes in contacts among domains and their
corresponding compartmentalization. Visualizing the compartmentalization of contact domains
across the genome, we observed concordant changes in contact domain interactions and the
compartmentalization of that domain (Figures 2.2B). An example contact domain on
chromosome 13 existed in a genome-wide bin that had an eigenvalue of near zero (Figure 2.2B),
indicating that the contact domain was weakly compartmentalized into the A or B compartment.
In the Chd4 cKO, this compartmental bin was robustly increased (Figure 2.2B), representative of
a shift of the contact domain into the A compartment. This is further evidenced by the change in
the Pearson’s correlation matrix pattern of this genomic bin, in which the chromosome-wide
interactions of this region are more correlated with the chromosome-wide interactions observed
among A compartment regions than those in B compartment regions in the Chd4 cKO
cerebellum (Figure 2.2B). Analysis of contact domain compartmentalization genome-wide
supported these observations, indicating that changes in contact domain interactions and
epigenetic status were strongly correlated with changes in the compartmentalization of the
domain (Figure 2.2G); contact domains with increases in intra-domain interactions, accessibility,
H3K27ac, or Cohesin became more associated with the ‘A’ compartment (Figure 2.2G). Loss of
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Chd4 in the mouse cerebellum restructures the compartmentalization of contact domains within
the nucleus with changes in the epigenetic status and interactions of domains.

2.3.3 Chd4 depletion alters loop domain boundary loop strength
Regulation of genomic looping represents one mechanism by which interactions might
change within a contact domain. Looping might control contact domain interactions through two
distinct mechanisms. First, genomic looping demarcating loop domains (i.e. loop domain
boundary loops) might change in strength, creating a more or less restricted environment for
interactions with the loop domain. Second, genomic looping within contact domains (i.e. intradomain loops) might change in strength, altering the point-to-point interactions within the
domain. Because Chd4 regulates binding of the Cohesin complex, which is critical for loop
formation (Rao et al., 2017; Schwarzer et al., 2017), we sought to determine if Chd4 might
control looping events in the developing cerebellum.
Genome-wide inspection of loop domains with altered accessibility revealed a pattern of
loop domain boundary loop strength that corroborated the underlying changes in epigenetic
features among these loop domains (Figure 2.3A). An example loop domain on chromosome 10
with increased domain accessibility demonstrated strengthened looping at the loop domain
boundary loop (Figure 2.3A). The accessibility increases in this loop domain were focused at the
domain boundaries underlying the loop domain boundary loop (Figure 2.3A). Accordingly,
Cohesin binding also increased at both loop anchors (Figure 2.3A). Surprisingly, H3K27ac
minimally changed at the loop anchors (Figure 2.3A), suggesting that other mechanisms might
be involved in coordinating Cohesin binding at this loop. In addition to Cohesin, Ctcf is critical
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for the formation of genomic loops by halting Cohesin-dependent loop extrusion. ChIP-seq for
Ctcf revealed a corroborative increase in Ctcf binding at the upstream, but not at the
downstream, loop anchor of the loop domain on chromosome 10 (Figure 2.3A). Altered
accessibility in the Chd4 cKO might specifically regulate Cohesin binding to control loop
strength at loop domain boundary loops.
Quantitative analysis of loop domain boundary loops genome-wide corroborated the
trends we observed at this example loop. Changes in accessibility in a contact domain were
predictive of a change in contacts at loop domain boundary loops (Figure 2.3B). Focusing more
specifically on the regions underlying the loop domain boundary loop anchors, we observed
correlated changes in Cohesin binding at loop domain boundary loops with that of the underlying
loop domain accessibility (Figure 2.3C, 2.8B). In contrast, there was a poor correlation between
the accessibility across the domain and the binding of Ctcf at the loop domain boundary loop
anchor (Figure 2.8C). Chd4 depletion may alter contacts at loop domain boundary loops by
regulating Cohesin binding at loop domain boundaries.

2.3.4 Chd4 loss changes intra-domain loop strength and gene expression
In addition to changes in loop domain boundary loop strength, altered contacts within a
contact domain may also be a consequence of a Chd4-dependent effect on intra-domain loop
strength. Visualization of intra-domain loops genome-wide revealed a consistent effect between
the changes in intra-domain loop strength and the underlying epigenetic features. For example,
we observed strengthening of an intra-domain P-E loop in a loop domain on chromosome four in
the Chd4 cKO cerebellum (Figure 2.3E). This loop connected an upstream region containing the
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promoter of the jun proto-oncogene (Jun) to a set of downstream enhancers in an intron of the
FGGY carbohydrate kinase domain containing (Fggy) gene (Figure 2.3D). Ctcf was present at
the Jun promoter but not at the intronic enhancer of Fggy (Figure 2.3D). The promoter of Jun
harbored an increase in accessibility as well as a minimal increase in Cohesin and Ctcf but
minimal decrease in H3K27ac (Figure 2.3D). In contrast, the enhancers at the downstream loop
anchor were more accessible and active as well as contained more Cohesin binding in the Chd4
cKO (Figure 2.3D). These enhancers were also devoid of Ctcf binding (Figure 2.3D).
Genome-wide analysis of intra-domain loops revealed that changes in contacts at intradomain loops were associated with changes in accessibility within the domain (Figures 2.3E). To
further determine how Chd4 might influence loop anchor epigenomic features to modulate intradomain looping, we focused on a subset of intra-domain loops, P-E loops. Similar to all intradomain loops, intra-domain P-E loops strength was correlated with the change in accessibility
within a contact domain (Figure 2.3F). Similar to the analysis on promoters and enhancers
genome-wide, H3K27ac and Cohesin preferentially changed at enhancers underlying intradomain P-E loops (Figure 2.3G, 2.8D-F). Ctcf was also poorly correlated with changes in
domain accessibility in the Chd4 cKO at promoters and enhancers underlying intra-domain P-E
loops (Figure 2.8G), indicating that Ctcf is weakly involved in intra-domain P-E looping changes
in the Chd4 cKO cerebellum genome-wide. Chd4 depletion may preferentially alter intra-domain
P-E loop strength through changes in the epigenetic and Cohesin binding status of enhancers
underlying these loops.
Chd4’s effect on intra-domain P-E loops led us to consider a role for Chd4 in regulating
gene expression in contact domains. Analysis of gene expression changes in the Chd4 cKO
revealed that changes in accessibility in a contact domain correlated with the change in gene
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expression in that domain (Figure 2.3H) (Yamada et al., 2014); contact domains with increased
accessibility in the Chd4 cKO contained genes with increased expression compared to domains
with unchanged or decreased accessibility (Figure 2.3H). Chd4 depletion may therefore control
contacts within contact domains to regulate gene expression. Consistent with changes in P-E
looping driving changes in gene expression, genes underlying intra-domain P-E loops in domains
with increased accessibility were more strongly upregulated in the Chd4 cKO than genes without
detectable loops at our Hi-C resolution (Figure 2.3I). In contrast, genes underlying intra-domain
P-E loops in domains with unchanged or decreased accessibility in the Chd4 cKO were similar to
those without detectable loops (Figures 2.8H-I). Chd4 knockout therefore may affect the
expression of a distinct class of genes through modulation of the strongest intra-domain P-E
loops in contact domains.

2.3.5 Chd4 depletion impairs the maturation of epigenomic features in contact domains
The developmental regulation of gene expression as well as the overlying genomic
architecture are thought to be intertwined during the development of the nervous system (Bonev
et al., 2017). Chd4 plays a critical role in the developmental regulation of cerebellar gene
expression as well as in the maturation of granule neuron morphology (Yamada et al., 2014;
Yang et al., 2016). We thus assessed whether regulatory elements underlying the genomic
architecture changes in the Chd4 cKO cerebellum were enriched for particular developmental
patterns of activation. Visualizing contact domains with increased accessibility in the Chd4 cKO
cerebellum, we observed a striking loss of H3K27ac throughout the contact domain from P7 to
P60 (e.g. chromosome four, Figure 2.4A) (Frank et al., 2015). Consistent with these
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observations, quantitative analysis of developmental changes in H3K27ac at regulatory elements
genome-wide revealed that contact domains with increased intra-domain contacts following
Chd4 cKO were developmentally inactivated in the cerebellum; similarly, contact domains with
decreased intra-domain contacts following Chd4 cKO were developmentally activated (Figures
2.4B, 2.9A-B). Chd4 depletion may therefore prevent the maturation of epigenetic features in
contact domains in the cerebellum.
The immature epigenetic status of contact domains led us to consider a role for Chd4 in
the maturation of the genomic compartments. Similar to what is observed for interactions within
contact domains, contact domains that became more strongly associated with the A compartment
following Chd4 cKO were developmentally inactivated, and contact domains that became more
strongly associated with the B compartment following Chd4 cKO were developmentally
activated (Figures 2.4C, 2.9C-D). Depletion of Chd4 therefore modulates the interactions and
compartmentalization of contact domains containing regulatory elements under striking
developmental control, potentially leading to failed maturation of the epigenetic and architectural
status of the genome in the cerebellum.

2.4 Discussion
This study has revealed a role for Chd4 in the organization of chromatin architecture in
the developing brain (Figure 2.10). Chd4 controls accessibility genome-wide at promoters and
enhancers, but only enhancers have demonstrable changes in activation and Cohesin complex
binding. The local regulation of enhancers manifests as altered interactions within and the
compartmentalization of contact domains. In addition to these domain-level changes in contacts,
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looping strength changes among contact domains. P-E loops represent one class of these altered
loops, and promoters anchoring these loops have changed gene expression. The regulatory sites
underlying these Chd4-dependent architectural features also exhibit distinct patterns of activation
during cerebellar development. Chromatin remodeling enzymes may therefore play a critical role
in the organization of chromatin architecture in the developing brain.
Preferential binding of Cohesin to enhancers might occur through several chromatin
remodeling enzyme-dependent mechanisms. Chd4 might alter the local transcriptional status of
enhancers through changes in accessibility. Reintroduction of the NuRD complex into mESCs
leads to disrupted binding of transcription factors and other co-regulators (Bornelöv et al., 2018).
Cohesin might therefore pause at enhancers during extrusion to mediate genomic interactions
(Vian et al., 2018). Alternatively, Chd4 might directly regulate Cohesin loading onto the genome
preferentially at enhancers. Cohesin loading complex Nipbl binds to active enhancers in the
developing cortex, and yeast chromatin remodeling enzyme Rsc directly impacts loading of
Cohesin onto chromatin templates (van den Berg et al., 2017; Muñoz et al., 2019).
Chromatin remodeling enzymes have a spectrum functions in the control of genome
architecture. One pole is represented by Snf2h, which phases nucleosomes to support Ctcf
binding and the formation of loop domain boundary loops (Barisic et al., 2019). Another pole is
represented by Brg1, which may have limited effects on the formation of loop domain boundary
loops but rather supports intra-domain loops (Barisic et al., 2019; Lyu et al., 2018). Chd4 action
might dually antagonize Snf2h- and Brg1-dependent effects on chromatin architecture through
regulation of Cohesin binding to regulatory sites.
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The activity status of contact domains in the Chd4 cKO cerebellum seem to reflect an
immature developmental state. Developmental maturation of regulatory elements is tightly
correlated with that of architectural features (Bonev et al., 2017). Chd4 may therefore regulate
the epigenetic status of contact domains to enable maturation of neuronal genome architecture.
Gene expression maturation is coupled to the dynamics of chromatin architecture in the
developing brain. Cohesin binding is higher en masse in the Chd4 cKO cerebellum. Like Chd4,
mutations in Cohesin complex and related proteins are associated with intellectual disability
(Kline et al., 2018). Dysregulated Cohesin binding, whether higher in patients with Chd4
mutations or lower in patients in Cohesin complex mutations, might therefore be a common
mechanism in the pathophysiology of neurodevelopmental disorders of cognition.
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2.5 Figures
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Figure 2.1: Chd4 depletion preferentially modulates enhancer activation and Cohesin
binding
(A) Illustration of the experimental design. Chd4 is conditionally deleted from the mouse
genome of cerebellar granule neurons during post-natal mouse development. (B) Genome
browser snapshot of a region containing the Rph3al gene locus on chromosome 11 displaying the
ChIP-seq profiles of Chd4, H3K27ac and Smc1 as well as DnaseI-seq from the control and Chd4
cKO cerebellum. Gray denotes enhancers with increased accessibility, H3K27ac, and Smc1. (C)
MA density plot of DHS sites called as significant (FDR<0.05) by DESeq2. (D) Aggregate plot
of Chd4 density in the control and Chd4 cKO cerebellum at promoters and enhancers with
increased (left) accessibility. Mean+/-SEM (E-F) Boxplot of H3K27ac (E) and Smc1 (F) change
between the Chd4 cKO and control cerebellum at (left) promoters and (right) enhancers with
increased, unchanged, and decreased accessibility. Kruskal-Wallis H-test for independent
samples with Dunn’s post hoc T-test and corrected for multiple comparisons by the BonferroniHochberg procedure. ***p<0.0001.
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Figure 2.2: Chd4 depletion alters contact domain interactions and compartmentalization
(A) Illustration of the experimental design. (B) (Left) Hi-C contact matrix of a contact domain on
chromosome 13 and the flanking region. Below is a genome browser snapshot of the region
corresponding to the Hi-C contact matrix displaying the ChIP-seq profiles of H3K27ac and
Smc1 as well as DnaseI-seq from the control and Chd4 cKO cerebellum. (Right) Juicebox
browser snapshot of the Pearson’s correlation matrix of a region on chromosome 13 surrounding
the contact domain. Below is the eigenvalue of the corresponding region on chromosome 13 in
150kb bins, with the region surrounding the contact domain highlighted. (C) Density plot
comparing the change in contact domain DnaseI-seq with the change in Hi-C contacts within the
domain in the control and Chd4 cKO cerebellum. Pearson’s r, p<0.001. (D) Change in Hi-C
contacts within domains with increased (Log2FC>0.585), unchanged (-0.585<Log2FC<0.585),
and decreased (-0.585<Log2FC) accessibility in the Chd4 cKO cerebellum among biological
replicates. One-way ANOVA with Tukey’s post hoc HSD test. **p=0.01. (E-F) Density plot
comparing the change in contact domain (E) H3K27ac and (F) Smc1 ChIP-seq with the change
in Hi-C contacts within the domain in the control and Chd4 cKO cerebellum. Pearson’s r,
p<0.001. (G) Spearman’s Rho comparing the difference in eigenvalue among contact domains
and the change in domain contacts or other epigenomic features (Chd4 cKO/Ctrl).
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Figure 2.3: Chd4 depletion alters genomic looping and gene expression in contact domains
(A) (Top) Hi-C contact matrix of a loop domain on chromosome 16 and the flanking region, with
a loop domain boundary loop highlighted by a white box. (Bottom) Genome-browser snapshot of
the region corresponding to the Hi-C contact matrix displaying the ChIP-seq profiles of
H3K27ac, Smc1, and Ctcf as well as DnaseI-seq from the control and Chd4 cKO cerebellum.
Gray denotes the 30kb region including the loop anchors and the region of the inset. (B) Change
in Hi-C contacts at loop domain boundary loops among domains with increased, unchanged, or
decreased accessibility in the Chd4 cKO. Kruskal-Wallis H-test for independent samples with
Dunn’s post hoc T-test and corrected for multiple comparisons by the Bonferroni-Hochberg
procedure. ***p<0.001. (C) Change in Smc1 at non-promoter DHS underlying loop domain
boundary loops among domains with increased, unchanged, or decreased accessibility. (D) (Top)
Hi-C contact matrix of a loop domain on chromosome 4 and the flanking region, with an intradomain promoter-enhancer (P-E) loop highlighted by a white box. (Bottom) Genome-browser
snapshot of the region corresponding to the Hi-C contact matrix displaying the ChIP-seq profiles
of H3K27ac, Smc1, and Ctcf as well as DnaseI-seq from the control and Chd4 cKO cerebellum.
Gray denotes the 60kb region including the intra-domain P-E loop anchors and the region of the
inset. (E-F) Hi-C contacts at intra-domain (E) or intra-domain P-E (F) loops among domains
with increased, unchanged, or decreased accessibility in the Chd4 cKO. Kruskal-Wallis H-test
for independent samples with Dunn’s post hoc T-test and corrected for multiple comparisons by
the Bonferroni-Hochberg procedure. ***p<0.001. (G) Change in (left) H3K27ac and (right)
Smc1 at enhancers underlying intra-domain P-E loops. Kruskal-Wallis H-test for independent
samples with Dunn’s post hoc T-test and corrected for multiple comparisons by the BonferroniHochberg procedure. ***p<0.001. (H) Change in mRNA of genes in domains with increased,
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unchanged, or decreased accessibility in the Chd4 cKO. Kruskal-Wallis H-test for independent
samples with Dunn’s post hoc T-test and corrected for multiple comparisons by the BonferroniHochberg procedure. ***p<0.001. (I) Change in mRNA of genes at intra-domain P-E loops
(green) or underlying no detectable loop (brown) in domains with increased accessibility in the
Chd4 cKO. Wilcoxon rank-sum test. ***p<0.001.
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Figure 2.4: Chd4 depletion impairs the maturation of epigenomic features in contact
domains (A) Genome-browser snapshot of a loop domain on chromosome 4 as in Figure 3F
displaying the ChIP-seq profiles of H3K27ac and Smc1 as well as DnaseI-seq from the control
and Chd4 cKO cerebellum. Also displayed is the ChIP-seq profile of H3K27ac in the P7 and P60
cerebellum. Gray denotes DHS with increased accessibility, acetylation, and Smc1 in Chd4 cKO
but decreased acetylation from P7 to P60 in the cerebellum. (B-C) Density plot comparing the
change in (B) Hi-C contacts within or (C) eigenvalue of a domain and the change in H3K27ac in
the cerebellum between P7 and P60. Pearson’s r, p<0.001.
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Figure 2.5: Chd4 depletion preferentially modulates enhancer activation and Cohesin
binding
(A) Genome browser snapshot of the promoter of the Ccdc126 gene locus on chromosome 6
displaying the ChIP-seq profile of Chd4 and DnaseI-seq from the control and Chd4 cKO
cerebellum. Mean+/-SEM (B) Change in Chd4 between Chd4 cKO and control cerebellum at
promoters and/or enhancers with increased, unchanged, or decreased accessibility. KruskalWallis H-test for independent samples with Dunn’s post hoc T-test and corrected for multiple
comparisons by the Bonferroni-Hochberg procedure. ***p<0.0001. (C) Aggregate plot of (top)
H3K27ac and (bottom) Smc1 read density in the control and Chd4 cKO cerebellum at promoters
and enhancers with increased (left), unchanged (middle), and decreased (right) accessibility.
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Figure 2.6: Hi-C in the control and Chd4 cKO cerebellum reveals principles of genomic
architecture
(A) Hi-C contact matrices of chromosome 19 in the control and Chd4 cKO cerebellum. (B)
Distribution of pooled Hi-C contacts in the control (ctrl) and Chd4 cKO cerebellum. (C)
Clustering of Hi-C contacts in 1Mb bins by Spearman’s Rho of the three biological replicates
from the control and Chd4 cKO cerebellum. (D) Juicebox browser snapshot of the Pearson’s
correlation matrix of chromosome 1. (E) Hi-C contact matrices of a region on chromosome 4
depicted small-scale features such as contact domains and genomic loops (highlighted).
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Figure 2.7: Chd4 depletion alters interactions within contact domains
(A-B) Overlap of contact domains and loops identified in the control and Chd4 cKO cerebellum.
(C) Distribution of loop and compartmental domains identified among all contact domains. (DE) Overlap of loop (D) and compartmental (E) domains identified in the control and Chd4 cKO
cerebellum. (F) Distribution of distal regulatory element (DRE) and transcription start site (TSS)
DnaseI-hypersensitivity (DHS) sites with increased, unchanged, or decreased accessibility in
contact domains. (G-I) Density plots comparing the change in (G) DnaseI, (H) H3K27ac, and (I)
Smc1 within a loop (left) or compartmental (right) domain and the change in interactions in that
domain between the Chd4 cKO and control cerebellum. Pearson’s r, p<0.001. (J) Correlation of
eigenvalue with epigenomic marks in 150kb bins.
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Figure 2.8: Chd4 depletion alters genomic looping and gene expression in contact domains
(A-C) Change in DnaseI (A), Ctcf (B), and Smc1 (C) at promoters and/or non-promoters
underlying loop domain boundary loops at domains with increased, unchanged, or decreased
accessibility in the Chd4 cKO. Kruskal-Wallis H-test for independent samples with Dunn’s post
hoc T-test and corrected for multiple comparisons by the Bonferroni-Hochberg procedure.
*p<0.01,***p<0.0001. (D-G) Change in DnaseI (D), H3K27ac (E), Smc1 (F), and Ctcf (G) at
promoters and/or enhancers underlying intra-domain P-E loops in domains with increased,
unchanged, or decreased accessibility in the Chd4 cKO cerebellum. Kruskal-Wallis H-test for
independent samples with Dunn’s post hoc T-test and corrected for multiple comparisons by the
Bonferroni-Hochberg procedure. *p<0.01,**p<0.001,***p<0.0001. (H-I) Change in mRNA of
genes at intra-domain P-E loops (green) or underlying no detectable loop (brown) in domains
with unchanged (G) or decreased (I) accessibility in the Chd4 cKO.
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Figure 2.9: Dysregulated contact domains exhibit developmental regulation
(A-B) Density plots comparing the change in loop (A) or compartmental (B) domain contacts
between the Chd4 cKO and control cerebellum and the change in H3K27ac in that domain in the
cerebellum between P7 to P60. Pearson’s r, p<0.001. (C-D) Density plots comparing the change
in eigenvalue of loop (C) or compartmental (D) domains between the Chd4 cKO and control
cerebellum and the change in H3K27ac in that domain in the cerebellum between P7 to P60.
Pearson’s r, p<0.001.
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Figure 2.10: Chd4 controls chromatin architecture in the developing cerebellum through
impacts on local epigenetic features
Chd4 predominantly reduces genomic accessibility at both promoters and enhancers. Reduced
accessibility at promoters and enhancers results in the preferential deacetylation and reduction in
Cohesin binding at enhancers genome-wide. Chd4 alters these epigenetic features predominantly
within contact domains that are developmentally repressed. Reduced accessibility, acetylation,
and Cohesin binding within these contact domains accompanies a reduction in interactions
within these domains. Reduced interactions include those among genomic loops at loop domain
boundaries and between promoters and enhancers, with decreased promoter-enhancer looping
accompanying reduced gene expression. Chd4 may inactivate enhancers to restrict genomic
interactions and repress gene expression in the developing brain.
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2.6 Materials and Methods
2.6.1 Animals
Animals were housed under pathogen-free conditions. Experiments were performed in
accordance with protocols approved by the Animal Studies Committee at Washington University
in St. Louis School of Medicine and National Institutes of Health guidelines. Control (Chd4f/f)
and Chd4 cKO (Chd4f/f; GABRA6-Cre+/-) have been previously described (Yamada et al., 2014;
Yang et al., 2016).

2.6.2 Antibodies
Smc1 (Bethyl A300-055A) and Ctcf (Millipore 07-729) antibodies were used in this
study.

2.6.3 DnaseI-seq
DnaseI-seq was performed as previously described (Yamada et al., 2019). The
cerebellum was dissected and homogenized in dissection buffer (20mM MOPS, 40mM NaCl,
90mM KCl, 2mM EDTA, 0.5mM EGTA, 0.5mM Spermidine, 0.2mM Spermine) then passed
through a 70um filter. Tissue lysates were then mixed into 2M sucrose (final 1.74M) and
centrifuged at 23krpm in an SW40T rotor (Beckman Coulter) at 4C for 1 hour. Nuclear pellets
were then resuspended in digestion buffer (750mM NaCl, 60mM CaCl2) to a concentration of 10
million nuclei/mL. Five million nuclei were pre-warmed at 37C for 1 minute then treated with
DnaseI (20U) at 37C for 3 minutes. The reaction was stopped by addition of stop buffer (final
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25mM Tris-HCl pH 7.5, 50mM NaCl, 0.05% SDS, 50mM EDTA, 0.5mM spermidine, 0.15mM
spermine, proteinase K [NEB]) then incubated at 55C for 1 hour. The reaction was then treated
with RnaseA at 37C for 30 minutes. Samples were gently mixed with Phenol-Chloroform then
centrifuged to obtain the supernatant. The supernatant was mixed with NaCl (final 798mM) and
fractionated using a sucrose cushion (10, 20, 30, 40% [w/v]) by centrifugation at 25krpm in an
SW40T rotor at 4C for 24 hours. Fractions with less than 500bp DNA fragments were purified
using a PCR purification kit (Qiagen) and sequenced on an Illumina HiSeq 2000 (Genome
Technology Access Center at Washington University). Two biological replicates per condition
were used for DnaseI-seq experiments.

2.6.4 ChIP-seq
ChIP-seq was performed as previously described with minor modifications (Yang et al.,
2016). For Ctcf ChIP-seq, the cerebellum was dissected and homogenized in a 1.01%
formaldehyde solution (4.5mM HEPES-KOH pH 7.9, 9.1mM NaCl, 0.09mM EDTA, 0.05mM
EGTA, 0.9X PBS) while rotating for 15 minutes at room temperature (RT). The formaldehyde
was quenched with the addition of Tris and glycine (final 113mM glycine, 0.91mM Tris-HCl)
while rotating for 5 minutes at RT. The cell pellet was washed with cold 1X PBS then flash
frozen and stored at -80C.
For Smc1 ChIP-seq, the cerebellum was dissected and homogenized in a 2mM
disuccinimidyl glutarate (DSG; ThermoFisher) dissolved in 1X PBS while rotation for 45
minutes at RT. Tissue was pelleted then washed twice with 1X PBS at RT. Tissue was then
resuspended in a 1.01% formaldehyde solution (4.5mM HEPES-KOH pH 7.9, 9.1mM NaCl,
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0.09mM EDTA, 0.05mM EGTA, 0.9X PBS) while rotating for 15 minutes at room temperature
(RT). The formaldehyde was quenched with the addition of Tris and glycine (final 113mM
glycine, 0.91mM Tris-HCl) while rotating for 5 minutes at RT. The cell pellet was washed with
cold 1X PBS then flash frozen and stored at -80C.
Immunoprecipitation for was performed in RIPA buffer (10mM Tris-HCl 8.0, 140mM NaCl,
0.1% SDS, 1% Triton-X100, 0.1% DOC, 1mM EDTA, 0.5% EGTA) with the respective
antibody and beads. For Smc1, Dynabeads protein G (ThermoFisher Scientific) were used; for
Ctcf, Sepharose protein G beads (GE Life Sciences) were used. Smc1 ChIP-seq libraries were
prepared using the Swift NGS 2S Plus Library Prep Kit per kit instructions. Ctcf ChIP-seq
libraries were prepared using the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB)
per kit instructions. Smc1 libraries were sequenced on an Illumina HiSeq 2500; Ctcf libraries
were sequenced on an Illumina NextSeq 500. Two biological replicates per condition were used
for all experiments.

2.6.5 Hi-C
Crosslinking
Hi-C was performed as previously described with minor modifications (Yamada et al.,
2019). The cerebellum was dissected and homogenized in a 1.01% formaldehyde solution
(4.5mM HEPES-KOH pH 7.9, 9.1mM NaCl, 0.09mM EDTA, 0.05mM EGTA, 0.9X PBS) while
rotating for 15 minutes at room temperature (RT). The formaldehyde was quenched with the
addition of Tris and glycine (final 113mM glycine, 0.91mM Tris-HCl) while rotating for 5
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minutes at RT. The cell pellet was washed with cold 1X PBS then flash frozen and stored at 80C.
Nuclear preparation and chromatin digestion
Flash frozen tissue pellets were thawed on ice then resuspended in 15mL cold lysis buffer
(10mM Tris-HCl pH 8, 10mM NaCl, 0.2% IGEPAL-630 with proteinase inhibitors) and
incubated on ice for 15 minutes. Tissue was then homogenized, passed through a 70um nylon
filter, pelleted, then washed with lysis buffer to purify nuclei. Nuclei were then resuspended in
2.5mL 0.5% SDS and incubated at 62C for 10 minutes to permeabilize nuclei. 100-250k nuclei
from this suspension (25uL) of this nuclear suspension was then quenched with a Triton-X100
solution (final 1% Triton-X100, 1.2% Cutsmart buffer [NEB]) and incubated at 37C for 15
minutes. Nuclei were then treated with MboI (50U; NEB) and spun at 300rpm at 37C for 4
hours, followed by incubation at 65C for 20 minutes to inactivate the enzyme.
Biotin fill-in of ends, proximity ligation, and removal of biotin from free-ends
DNA blunting was performed by incubating nuclei with Biotin-14-dATP and other
dNTPs (final 30uM) with Klenow (20U; NEB) at 300rpm at 37C for 4 hours. Proximity ligation
was performed by incubating nuclei in a ligation buffer (final 1X T4 DNA ligase buffer [NEB],
0.1mg/mL Bovine Serum Albumin [BSA], 1% Triton-X100) with T4 DNA Ligase (4000U) at
300rpm at 16C overnight. Nuclei were then pelleted and resuspended in 1X Cutsmart buffer
(NEB). SDS (final 0.8%), NaCl (final 217mM), and proteinase K (3.2U; NEB) were then added
and spun at 1200rpm at 55C for 1 hour, then at 1200rpm at 65C for >12 hours. RnaseA (0.02mg;
ThermoFisher Scientific) was then added and incubated at 37C for 1 hour. DNA was purified by
Phenol-Chloroform purification followed by ethanol precipitation in the presence of glycogen.
85

Biotin was removed from free ends in a dATP solution (100uM dATP, 1X Buffer 2.1 [NEB])
with 1U/ug DNA T4 DNA Polymerase (NEB) at 20C for 4 hours. DNA was then purified using
a Monarch PCR & DNA Cleanup Kit (NEB).
Sonication and size-selection
Purified DNA was sonicated to 300bp using a Covaris E220 instrument. Sonication tubes
were washed with an additional volume of TE to capture DNA stuck to side of tubes. Right-sided
size selection was performed using SPRIselect beads.
Biotin-capture, library preparation and sequencing
Biotin-labelled DNA was captured using Dynabeads MyONE Streptavidin T1
(ThermoFisher). Beads were then resuspended in 40uL Low-EDTA TE (Swift Biosciences) and
used in the Swift NGS 2S Plus Library Prep Kit (Swift Biosciences) with minor modifications.
For all washes, beads were resuspended in 2X TBW (10mM Tris-HCl pH 8, 1mM EDTA, 2M
NaCl, 0.05% Tween-20), incubated for 5 minutes at RT, then washed twice with 1X TBW.
Beads were then resuspended in the appropriate volume of enzyme master mix (Swift
Biosciences) for each step. Prior to amplification, DNA was eluted from beads by incubation in
Low-EDTA TE at 98C for 10min. DNA was then amplified using 14 cycles of PCR according to
kit instructions. Following amplification, DNA was sequenced on the NextSeq 500 (Center for
Genome Sciences at Washington University).
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2.6.6 Data analysis
Data pre-processing
DnaseI-seq and ChIP-seq reads were aligned to mm10 using Bowtie2 (v2.2.5)
(Langmead and Salzberg, 2012). Conversion of sam to bam files was performed using Samtools
(v1.3) (Li et al., 2009). DnaseI-seq reads per kilobase per million (rpkm) was quantified using
Deeptools (v2.4.2) bamCoverage with no extension (Ramírez et al., 2016). ChIP-seq rpkm was
quantified using Deeptools bamCompare assuming a 300bp fragment size (-e 300) with reads
centered (--centerReads) and input subtracted. Signal was then divided by the binsize to generate
DnaseI- or ChIP-seq reads per million (rpm). To generate genomic tracks for viewing on the
UCSC genome browser, DnaseI-seq biological replicates were concatenated using Samtools then
quantified as described above (James Kent et al., 2002). ChIP-seq reads were concatenated using
Samtools, then rpkm was quantified using Deeptools bamCoverage assuming a 300bp fragment
size (-e 300) with reads centered (--centerReads). Signal was then divided by the binsize to
generate DnaseI- or ChIP-seq rpm.
HiC-Pro (v2.10.0) was used to generate contact matrices using the mm10 mouse genome
as reference (Servant et al., 2015). Valid pairs determined by HiC-Pro was used as input to
generate Hi-C contact matrices at 1, 5, 10, 20, 40, 150, 500 kb and 1 million base pair
resolutions. addNorm function from Juicer (v1.5.6) was used to perform genome-wide
normalization (Durand et al., 2016). Observed over expected (O/E) and Knight-Ruiz (KR)normalized Hi-C contacts from genomic bins were extracted using juicer-tools (v1.8.9) dump.
For visualization of contact matrices in figures S3A and S3E, KR-normalized Hi-C contacts were
extracted from genomic bins using juicer-tools (v1.8.9) straw then scaled to the same sequencing
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depth (Figures S3A, S3E); otherwise, KR-normalized, Observed/Expected Hi-C contacts were
extracted from genomic bins using juicer-tools (v1.8.9) dump. Visualization of the Pearson’s
matrix was performed using Juicebox (v1.9.8) at 40kb resolution (Durand et al., 2016). The
similarity of biological replicates was compared using unnormalized contacts across all
chromosomes at 1Mb resolution.
Data analysis
DnaseI-seq peaks were called using MACS2 (v2.1.1.20160309) at a q-value of less than
0.01 (-q 0.01) without model building (--nomodel), an extension of 200bp (--extsize 200), and a
shift of -100bp (--shift -100) (Zhang et al., 2008). Peaks from control and Chd4 cKO were then
merged and called as significantly different using Diffbind (v2.6.6) running DESeq2 (v1.20.0)
(Love et al., 2014; Ross-innes et al., 2012). Chd4 ChIP-seq peaks were called using MACS2
(v2.1.1.20160309) using the broad settings (--broad) at a q-value of less than 0.05 (-q 0.05 –broad-cutoff 0.05) without model building (--nomodel) and an extension of 300bp (--extsize
300). DnaseI- and ChIP-seq signal at DHS was quantified as the average signal among biological
replicates in the 1kb around the TSS or center of the DRE.
Genomic loops were identified from control and Chd4 cKO Hi-C data independently on
the pooled set of KR-normalized contact matrices using juicer-tools (v1.9.9) HiCCUPS at 10kb
resolution on a CPU (--cpu) using default parameters (Rao et al., 2014). Control and Chd4 cKO
loops were then merged if both anchors were within 10kb of one another. Loop contacts were
quantified as the O/E, KR-normalized signal in the region defined by the loop anchor boundaries.
Contact domains were identified from control and Chd4 cKO Hi-C data independently on
the pooled set of KR-normalized contact matrices using juicer-tools (v1.9.9) Arrowhead at 10kb
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resolution using default parameters (Rao et al., 2014). Control and Chd4 cKO domains were then
merged if domain borders were within 20kb of one another. Domains were identified as loop
domains if domain boundaries were within 25kb of loop anchors. Otherwise, they were termed
ordinary domains. Similarly, loops were identified as domain loops if they were within 25kb of
domain boundaries. Otherwise, they were termed ordinary loops. Domain contacts were
quantified as the O/E, KR-normalized signal in the region defined by the domain boundaries.
DnaseI- and ChIP-seq signal within domains was quantified using the average signal of all DHS
within the domain.
The eigenvalue was calculated from control and Chd4 cKO Hi-C data independently on
the pooled set of KR-normalized contact matrices using juicer-tools (v1.9.9) eigenvector at
150kb resolution on each individual chromosome. The sign of the eigenvector for each condition
was then oriented so that positive value bins were correlated with H3K27ac signal in the bin.
Contact domains were assigned the average eigenvalue of the 150kb bins that the domain
spanned.
All analyses were performed with Jupyter notebook (v1.0.0) running Pandas (v0.24.2),
Numpy (v1.16.2), and Scipy (v1.2.1) data analysis tools as well as Matplotlib (v2.2.4),
Matplotlib-Venn (v0.11.5), and Seaborn (v0.9.0) plotting packages unless otherwise noted
(Hunter, 2007; Kluyver et al., 2016; Van Der Walt et al., 2011; Waskom et al., 2018)
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Chapter 3
Discussion
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3.1 Summary of findings
Development of the nervous system demands exquisite control of gene expression
(Gallegos et al., 2018). Chromatin remodeling enzymes are critical regulators of gene expression,
manipulating nucleosomes to enact transcriptional control (Clapier et al., 2017). These enzymes
are uniquely critical for development of the nervous system. Several of these enzymes are
mutated in neurodevelopmental disorders of cognition, with many of these mutations thought to
directly impact enzymatic function. Mutations in the Chd family of chromatin remodeling
enzymes are particularly enriched among patients with neurodevelopmental disorders of
cognition; mutations in six of nine family members likely cause neurodevelopmental disease
(Carvill et al., 2013; Devlin et al., 2012; Kim et al., 2018; McRae et al., 2017; O’Roak et al.,
2012a, 2012b, 2014; Pilarowski et al., 2018; Sifrim et al., 2016; Talkowski et al., 2012; Vissers
et al., 2004; Weiss et al., 2016). Understanding the roles of chromatin remodeling enzymes in the
control of gene transcription and neurodevelopmental processes might elucidate general
principles of neurodevelopment and impact those suffering from mutations in these enzymes.
Chd4 is a Chd family chromatin remodeling enzyme that is critical for neurodevelopment
(Yamada et al., 2014; Yang et al., 2016). Mutations in Chd4 likely cause an intellectual disability
syndrome, and conditional deletion of Chd4 in the developing brain impacts both forebrain and
hindbrain development (Knock et al., 2015; McRae et al., 2017; Sifrim et al., 2016; Weiss et al.,
2016; Yamada et al., 2014; Yang et al., 2016). Chd4 is thought to be a transcriptional repressor
through actions on nucleosomes at both promoters and enhancers (Bornelöv et al., 2018), but the
mechanisms by which Chd4 regulates gene expression remain unclear.
Here, we explored the impact of Chd4 on nucleosomes by performing DnaseIhypersensitivity sequencing to profile the accessibility landscape of the cerebellum following
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conditional Chd4 knockout. Conditional knockout of Chd4 led to widespread increases in
genomic accessibility at both promoters and enhancers. To understand how widespread changes
in genomic accessibility might impact downstream gene expression, we further profiled the
activation state of promoters and enhancers by assessing H3K27ac in the control and knockout
cerebellum. Remarkably, we observed a more robust change in H3K27ac at enhancers compared
to promoters. Chd4 likely has widespread effects on enhancer activity in the developing
cerebellum. Prior insights into Chd4’s regulatory function in the cerebellum has focused on
transcriptional mechanisms that occur at gene promoters (Yamada et al., 2014; Yang et al.,
2016). The widespread impact of Chd4 knockout on enhancer accessibility and acetylation led us
to explore the role of Chd4 at controlling enhancers in the developing cerebellum. The ring-like
Cohesin complex is a critical mediator of enhancer function (Dorsett, 2019). Profiling of Cohesin
binding in the Chd4 conditional knockout cerebellum demonstrated a consistent change in
Cohesin binding with the change in accessibility at enhancers that only weakly occurred at
promoters. Dysregulation of the epigenetic landscape in the Chd4 cKO may be more focused on
enhancers rather than promoters.
Cohesin is thought to participate in the control of gene expression through its role in
coordinating genome architecture (Rao et al., 2017; Schwarzer et al., 2017). Alterations in
Cohesin occupancy at enhancers in the Chd4 cKO cerebellum led us to explore a role for Chd4
in the control of genome architecture. We performed in situ chromosome conformation capture
(Hi-C) in the control and Chd4 cKO cerebellum. Hi-C revealed changes in contact domain
interactions that trended with changes in accessibility. Loss of Chd4 in the developing
cerebellum alters three-dimensional genome architecture.
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We next explored how Chd4 might impact the mechanisms that underlie interactions
within contact domains. Contact domain interactions might change through regulation of loops.
Altering the strength of loops that demarcate domains might impact how confined genomic loci
are within domains; alternatively, altering individual loops within domains might impact
individual interactions within contact domains. Remarkably, conditional Chd4 knockout in the
cerebellum led to altered contacts at loops demarcating domains and at loops within domains.
Additionally, increases in loop strength in conditional Chd4 knockout cerebellum causes robust
increases in gene expression compared to other sites. These altered loops correlated with the
change in accessibility underlying these loops, indicating that Chd4 knockout may control
genomic accessibility to regulate genomic looping and downstream gene expression in the
developing cerebellum.
Chd4 knockout impacts the development of granule neurons in the cerebellum (Yamada
et al., 2014; Yang et al., 2016), so we explored whether contact domains under control of Chd4
might be under specific patterns of developmental control. Surprisingly, contact domains under
strong control by Chd4 are developmentally regulated. Domains with increased accessibility in
the Chd4 cKO cerebellum had strong increases in histone acetylation, Cohesin binding, and
intra-domain interactions. Contact domains under strict regulatory control by Chd4 may be
involved in the development of the cerebellum.
Through these genome-wide studies, we reveal a role for a chromatin remodeling enzyme
in the control of genome architecture in the developing brain. This control of genome
architecture may be a direct outcome of Chd4’s enzymatic function, since dysregulated
interactions are so tightly associated with changes in genomic accessibility. Dysregulation of
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genome architecture in patients with Chd4 mutations may be involved in the etiology of these
disorders.

3.2 Discussion
3.2.1 Understanding the preferential impact of Chd4 on enhancer activity
We identified a role for Chd4 in control of regulatory site activity in the developing
cerebellum. Remarkably, enhancers were more strongly dysregulated than promoters.
Differentiation accompanies a vast reorganization of the enhancer landscape. (Schoenfelder and
Fraser, 2019). Much of terminal differentiation in the developing cerebellum might be through
enhancer control of gene expression, with Chd4 as a major regulator of this final maturation.
The protein milieu of enhancers is distinct from that at promoters. Transcription factors
are one class of proteins that are different at enhancers compared to promoters. This specificity is
dictated by the underlying genomic sequence making up these regulatory sites. The NuRD
complex is an important regulator of transcription factor binding in mESCs (Bornelöv et al.,
2018). Altered genomic accessibility through impaired nucleosome remodeling might allow
binding of specific sets of transcription factors to enhancers compared to promoters. These
transcription factors might also interact with co-regulators to modify the epigenetic status of
enhancers (Voss and Hager, 2014). Identifying the transcription factors that bind to Chd4dependent enhancers and promoters would begin to elucidate these transcription factordependent mechanisms.
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An alternative mechanism dictating Chd4’s preferential effect on enhancers might be
through its actions with transcriptional co-regulators. The NuRD complex interacts or cooccupies regulatory sites with several classes of co-regulators including other chromatin
remodeling enzymes and histone modifiers (de Dieuleveult et al., 2016; Morris et al., 2013;
Whyte et al., 2012). The distinct protein milieu and modification status of promoters and
enhancers might allow for the differential recruitment of co-regulators to these sites. An
interesting hypothesis would be that Chd4-dependent nucleosome remodeling couples with
H2A.z manipulators at promoters and histone acetylation modifiers at enhancers in the
developing brain. Understanding the interactome of the NuRD complex in the developing brain
might help identify the selective interactions of NuRD complex components with other
transcriptional co-regulators.
The NuRD complex also interacts with several classes of transcription factors for
efficient recruitment of the complex to regulatory sites (Allen et al., 2013). The interactome of
the NuRD complex in neurons during cerebellum development might encompass several classes
of transcription factors that preferentially bind to enhancers. Preferential recruitment of the
NuRD complex to enhancers is unlikely to explain the differential activity of Chd4 on promoters
and enhancers in the developing brain, since Chd4 binding to enhancers is lower than that at
promoters (Figure 2.1C). Instead, transcription factor recruitment to enhancers might alter the
enzymatic activity of Chd4 or the coupling of NuRD complex function to other co-regulators.
Identifying transcription factors and co-regulators that interact with the NuRD complex, and
manipulating these interactions, will help elucidate the roles of these interactors in coordinating
NuRD complex function.
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3.2.2 Determining the role of Chd4 in cohesin recruitment
We’ve identified a role for Chd4 in regulating Cohesin recruitment preferentially at
enhancers in the developing cerebellum. Interestingly, Cohesin binding seems to increase
broadly at enhancers across contact domains, indicating that Chd4 might regulate Cohesin
binding at several sites across a domain.
Chd4-dependent recruitment to enhancers might occur through regulation of Cohesin
loading onto chromatin. Chromatin remodeling enzymes are critical to Cohesin loading in yeast,
serving as both a receptor to specify genomic loading sites and a nucleosome remodeler to
permit efficient loading onto DNA (Muñoz et al., 2019). Mammalian cohesin loading complex
Nipbl interestingly binds to enhancer regions in the developing brain (van den Berg et al., 2017),
indicating that Chd4-dependent nucleosome remodeling might impact Cohesin loading
specifically at enhancers. Exploring the binding patterns of Nipbl in the developing cerebellum
might help define a role for Chd4 in Cohesin loading.
Chd4 might also regulate Cohesin-dependent DNA extrusion along chromatin. Cohesin
extrusion requires ATP in cells (Vian et al., 2018). One possibility stemming from this
conclusion is that Cohesin directly hydrolyzes ATP to translocate along the DNA strand.
Alternatively, ATP depletion might impact chromatin remodeling enzymes, which could
manipulate nucleosomes to regulate this possible barrier to DNA extrusion. In addition to
chromatin remodeling enzymes impacting DNA extrusion directly, these enzymes might also
indirectly regulate DNA extrusion through manipulation of the epigenetic state of enhancers.
Coordinating the binding of a barrier to DNA extrusion at enhancers might pause Cohesin at
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enhancers to impact looping. Manipulating Chd4-dependent remodeling at specific enhancers
might uncouple loading from extrusion effects.

3.2.3 Exploring NuRD complex effects on neuronal genome architecture
We’ve identified a role for Chd4 in control of genome architecture in the developing
cerebellum. Effects of Chd4 on genome architecture appear at every identified level of nuclear
structure – genomic loops, contact domains, and nuclear compartmentalization. Chd4 might
impact these structures through defined mechanisms.
Chd4 modifies genomic looping potentially through its role in controlling genomic
accessibility and Cohesin binding. Two distinct classes of genomic looping are changed,
reflecting distinct Chd4-dependent mechanisms underlying these looping events. First, Chd4
modifies accessibility and Cohesin occupancy at loops at loop domain boundaries. Cohesin is
thought to move along DNA until it meets a domain boundary, typically bound by the
transcription factor Ctcf (Rowley and Corces, 2018). Interestingly, Ctcf binding does not
correlate with changes in genomic accessibility or Cohesin occupancy at loop domain
boundaries, indicating that Ctcf plays a minimal role in the control of genomic looping at these
sites. Instead, regulation of Cohesin occupancy at these sites might serve as the intermediate
controlling genomic looping. A second class of genomic loops under Chd4’s control is intradomain looping. Similar to what is observed at loop domain boundaries, sites underlying
modified intra-domain loops have predictable changes in regulatory site activity and Cohesin
binding. In particular, control of enhancer activity might be a major driver of these intra-domain
looping events. In addition to Cohesin, the Mediator complex is involved in intra-domain
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looping events, and its occupancy at enhancers are subject to NuRD complex activity (Bornelöv
et al., 2018; Kagey et al., 2010). Control of accessibility might therefore manipulate genomic
looping through regulation of protein occupancy of the Cohesin and Mediator complexes.
Performing ChIP-seq for the Mediator complex in the developing cerebellum following
conditional Chd4 knockout might elucidate a role for Mediator in Chd4-dependent control of
intra-domain genomic looping.
Altered contact domain interactions may occur through a combination of effects on
looping and non-looping events in a domain. Contacts particularly within compartmental
domains might be largely a consequence of homotypic interactions among regions of similar
epigenetic status (Rowley and Corces, 2018). The changes in contact domain interactions in the
Chd4 cKO affect both loop and compartmental domains, suggesting that Chd4 may regulate
more genomic interactions than solely genomic loops. A recent protocol has allowed for the
assessment of the liquid-like condensation of domains in the nucleus that are thought to govern
compartmental domain formation. This protocol pre-digests nuclei before performing
crosslinking and typical Hi-C. Measuring the stability of contacts over different pre-digestion
times gives a measure of the stability of interactions, and potentially the liquid-like condensation,
of regions in the nucleus (Belaghzal et al., 2019). It would be interesting to apply this technique
to the conditional Chd4 knockout cerebellum to measure the effect of Chd4 on liquid-like
condensation in the nucleus.
Contact domains under the control of Chd4 are under robust developmental control. Loss
of Chd4 in the developing cerebellum seems to manipulate the regulatory status of contact
domains to an early differentiation state. The dynamics of genome architecture during
development are tightly linked to those of the epigenome (Bonev et al., 2017), indicating that
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Chd4 might impact the maturation of genome architecture in the developing brain. Performing
Hi-C at different stages in the developing cerebellum might delineate the effects of Chd4 on the
developmental maturation of genome architecture.

3.2.4 Extrapolating Chd4 functions to the NuRD complex
Functional assessment of the NuRD complex have predominantly come from studies of
the NuRD complex component Mbd3. Mbd3 is critical for stability of other NuRD complex
subunits and for mammalian development. Mbd3 knockout in mESCs does not impact
proliferation of these cells, allowing for functional assessment of the NuRD complex through
depletion of this subunit (Kaji et al., 2006). In contrast, mESCs containing Chd4 knockout are
not viable, which has prevented the study of Chd4 function in this workhorse cell type for
chromatin biology (O’Shaughnessy-Kirwan et al., 2015). Nevertheless, fundamental insights
about Chd4 function have come from studies of Mbd3 in mESCs. Rapid re-introduction of Mbd3
into mESCs induces a widespread reduction in nucleosome occupancy at NuRD-bound sites.
Chd4 binding is stable during this rapid reintroduction, suggesting that the rest of the NuRD
complex does not influence the association of Chd4 with chromatin. Overexpression of a
catalytic dead Chd4 in this paradigm disrupts this reduction in nucleosome occupancy (Bornelöv
et al., 2018). Formation of the NuRD complex may control Chd4-dependent nucleosome
remodeling.
Although NuRD complex function seems to regulate Chd4-dependent remodeling, Chd4
may regulate the epigenome in NuRD-independent roles. Chd4 depletion causes fitness defects
in several cell types including mESCs that are not recapitulated by loss of other NuRD complex
99

subunits (Knock et al., 2015; Nitarska et al., 2016; O’Shaughnessy-Kirwan et al., 2015). In
addition, Mbd3 loss in granule neurons has minimal effects on gene expression and granule
neuron maturation (Appendix). A collection of biochemical and structural data has revealed
Chd4 to be a peripheral component of the NuRD complex, with the Gatad2a/b subunit serving as
a molecular bridge between Chd4 and the remainder of the NuRD complex (Low et al., 2016;
Sher et al., 2019). In addition to the NuRD complex, Chd4 also interacts with transcription factor
Adnp and Hp1 in a separate complex in mESCs (Ostapcuk et al., 2018). Studies of the Chd4
interactome as well as other subunits of the NuRD complex in the developing cerebellum might
expose the molecular complexity of Chd4 and the NuRD complex in the developing cerebellum.

3.2.5 Relating Chd4 functions to human disease
Missense mutations in Chd4 are found in patients with syndromic intellectual disability.
These mutations are found along the length of the protein but are concentrated in the ATPase
domains (McRae et al., 2017; Sifrim et al., 2016; Weiss et al., 2016), implicating altered
nucleosome remodeling in the etiology of these conditions. Supporting this hypothesis, other
mutations found in patients with intellectual disability are found at residues that are in close
proximity to the DNA strand in the nucleosome (Farnung et al., 2019). A survey of endometrial
cancer-associated mutations that are in close proximity to the intellectual disability-associated
mutations cause remodeling defects in vitro (Le Gallo et al., 2012; Kovač et al., 2018), but
mutations in the catalytic domain has no effect on Chd4’s chromatin binding (Bornelöv et al.,
2018). Mutations in the catalytic domain of Chd4 might cause human disease by inappropriate
gene dosage or through dominant negative action.
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Depletion of Chd4 in the developing cerebellum causes widespread accessibility changes.
This altered accessibility might reflect the loss of Chd4 catalytic activity. Loss of Chd4 also
results in inappropriate binding of the Cohesin complex, which is mutated in an intellectual
disability syndrome (Kline et al., 2018). Dysregulation of Cohesin complex binding as a result of
Chd4 mutation might play a role in the syndromic intellectual disability seen in patients with
Chd4 mutations. It would be interesting to generate knock-in models of these Chd4 mutations
and test for altered Cohesin binding to determine if altered Cohesin binding might underlie
human disease.
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Appendix
Mbd3 is dispensable for granule neuron
function
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A1 Introduction
The NuRD complex is composed of a wide array of subunits. Mbd3 is one such subunit
that is thought to control NuRD complex function through stabilization of several core NuRD
complex subunits (Allen et al., 2013). We therefore wondered if Mbd3 might impact granule
neuron differentiation in a manner that is similar to Chd4.

A2 Results
To test if Mbd3 might impact granule neuron differentiation, we electroporated Mbd3f/f
mice with a plasmid that encodes GFP together with a plasmid that encodes the recombinase Cre,
or its control vector, to sparsely label developing granule neurons. Control mice displayed the
stereotypical morphology of differentiating granule neurons at four and eight days after injection
(Yang et al., 2016). Four days after electroporation, control granule neurons exhibit an exuberant
dendritic arbor; eight days after electroporation, control granule neurons have pruned this
exuberant arbor to only three or four dendrites. This pattern was similar following conditional
Mbd3 knockout. In contrast to conditional Chd4 loss (Yang et al., 2016), Mbd3 depletion in the
postmitotic granule neuron has no effect on the maturation of the granule neuron dendritic arbor.
We further explored the role of Mbd3 on the maturation of granule neuron efferent synapses.
Inspection of the parallel fibers of Mbd3f/f mice electroporated with Cre recombinase
demonstrated a similar density of presynaptic boutons to that of mice electroporated with a
control vector. Distinct from that following the conditional knockout of Chd4 (Yang et al.,
2016), Mbd3 depletion in the postmitotic granule neuron has no effect on the maturation of
granule neuron efferent synapse density.
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Conditional Chd4 knockout in the developing cerebellum impairs cerebellum-dependent
learning in these mice (Yang et al., 2016). One such paradigm is eye-blink conditioning, an
associative conditioning task that relies on granule neurons in the cerebellum (Heiney et al.,
2014; Yang et al., 2016). Eye-blink conditioning pairs an LED stimulus (Conditioned Stimulus)
with an air-puff to the eye (Unconditioned Stimulus). Pairing these stimuli for numerous trials
over several days allows the mouse to associate an LED with the air-puff, which manifests as an
eye-blink (Conditioned Response) in response to the LED to avoid the direct air-puff to the
mouse’s cornea. We next explored how Mbd3 might impact cerebellar-dependent learning by
conditionally deleted Mbd3 from postmitotic granule neurons in the developing cerebellum
through breeding of Mbd3f/f mouse to that harboring the Gabra6-Cre allele. Conditional
knockout of Mbd3 was present by postnatal day 22 (P22). Subjecting the conditional Mbd3
knockout mice to the eye-blink conditioning task demonstrated no difference in the acquisition
of the eye-blink conditioned response compared to control mice. Mbd3 depletion in the
developing cerebellum has no impact on learning.
Conditional Chd4 loss in the developing cerebellum has widespread effects on gene
expression (Yamada et al., 2014; Yang et al., 2016), so we explored the effect of Mbd3 depletion
in the developing cerebellum on gene expression. To do so, we performed RNA-seq on the
cerebellum of Mbd3f/f and Mbd3f/f;Gabra6-cre mice at P22; in addition, we performed RNA-seq
on the cerebellum of Gabra6-Cre and Bl6/j mice at P22 to understand the effects of the Gabra6cre allele on gene expression in the developing cerebellum. Conditional Mbd3 knockout caused
the differential expression of hundreds of genes in the cerebellum. Comparing the magnitude of
the differential expression of these genes in the conditional Mbd3 knockout with those from the
Gabra6-Cre mouse cerebellum revealed a strong correlation. The Gabra6-Cre allele likely
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contributes mostly to the differential expression of genes in the conditional Mbd3 knockout
cerebellum; Mbd3 is therefore dispensable for gene expression regulation in the developing
cerebellum.
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A3 Figures
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Figure A.1: Mbd3 is dispensable for granule neuron maturation and function
(A) Illustration of the in vivo electroporation technique. (B-C) Representative images and (right)
quantification of (B) dendrite number and length at four or eight days (C) or bouton density at
eight days after injection and electroporation of plasmids. (D) Western blot of nuclear extracts
from the cerebellum of Mbd3, Cre, and PARP in control (Mbd3f/f) or Mbd3f/f; Gabra6-Cre (G6Rcre) mice. (E) Scatter plot of the change in mRNA expression between the conditional Mbd3
knockout and control as well as the Gabra6-Cre and control mice among genes that are
significantly different (FDR<0.05) between the conditional Mbd3 knockout and control mice.
(F) Conditioned response fraction over trial days among control and conditional Mbd3 knockout
mice.
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A4 Materials and Methods
A4.1 Animals
Animals were housed under pathogen-free conditions. Experiments were performed in
accordance with protocols approved by the Animal Studies Committee at Washington University
in St. Louis School of Medicine and National Institutes of Health guidelines. Control (Mbd3f/f)
and Chd4 cKO (Mbd3f/f; GABRA6-Cre+/-) have been previously described (Kaji et al., 2006;
Knock et al., 2015).

A4.2 In vivo electroporation
In vivo electroporation of mouse pups has been previously described (Yang et al., 2016).

A4.4 mRNA sequencing
mRNA sequencing from the mouse cerebellum has been previously described (Yamada
et al., 2014). Differential gene expression was called using EdgeR (Robinson et al., 2009).

A4.5 Eye-blink conditioning
Eye-blink conditioning was performed as described (Yang et al., 2016).
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Chromatin remodeling complexes are single- or multi-subunit protein complexes that
are thought to regulate transcription by modifying the composition, occupancy, or
positioning of nucleosomes along the genome. Many mutations in chromatin remodeling
complex subunits are associated with intellectual disability and autism, suggesting that
neurons may require strict chromatin regulation to establish neuronal connectivity.
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imaging approaches; and (2) Chd4-dependent transcription with chromatin
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function and brain development, illuminating potential mechanisms of
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